Quaternary Silver Bismuth Chalcogenide Halides Ag - Bi - Q - X (Q = S, Se; X = Cl, Br): Syntheses and Crystal Structures by Poudeu Poudeu, Pierre Ferdinand
 
 
Quaternary Silver Bismuth Chalcogenide Halides 
Ag – Bi – Q – X (Q = S, Se; X = Cl, Br): 
Syntheses and Crystal Structures 
 
 
Dissertation 
 
For the acquisition of the academic degree of 
Doctor rerum naturalium 
(Dr. rer. nat.) 
 
Submitted to the Faculty of Mathematics and Natural Sciences 
of the Dresden University of Technology 
 
by  
 
Pierre Ferdinand Poudeu Poudeu  
(Master of Science) 
 
 
Approved by:   Prof. Dr. Michael Ruck 
     Prof. Dr. Yuri Grin 
     Prof. Dr. Arno Pfitzner 
 
Submitted on:   10. 12. 2003 
 
Day of oral examination:  28. 01. 2004 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Contents 
 
i
 
Contents 
 
Summary………………………………………………………………... v 
1  Introduction and motivation…..…………………………….. 1 
1.1 Bismuth and binary bismuth chalcogenides…………………. 1 
1.1.1 Crystal chemistry of bismuth………………………….. 1 
1.1.2  Binary bismuth chalcogenides………………………… 1 
1.2  Multinary bismuth chalcogenides……………………………. 3 
1.2.1  Synthetic ternary and quaternary bismuth sulphides 
 and bismuth selenides………………………………. 4 
1.2.2  Ternary and quaternary bismuth sulphosalts………….. 8 
1.2.2.1 Lillianite homologous series (LHS)…………... 9 
1.2.2.2 Pavonite homologous series (PHS)…………… 10 
1.3 Bismuth chalcogenide halides……………………………….. 12 
1.4  Motivation and aim of the work……………………………... 16 
2  Experimental…………………………………………………….. 18 
2.1  Syntheses…………………………………………………….. 18 
2.1.1  Reagents………………………………………………. 18 
2.1.1.1 Preparation of BiBr3…………………………… 19 
2.1.1.2 Preparation of Bi2Se3………………………….. 21 
2.1.1.3 Syntheses of BiQX (Q = S, Se; X = Cl, Br)…… 21 
2.1.2 Quaternary silver bismuth chlacogenide halides……… 22 
2.1.2.1 Choice of the systems and determination of the  
  temperature range favourable for the syntheses.. 22 
2.1.2.2 Synthesis of quaternary silver bismuth 
  chalcogenide halides: method and procedures.. 24 
2.2 Characterization……………………………………………… 27 
2.2.1  X-ray Diffraction……………………………………… 27 
   Contents 
 
ii
2.2.1.1  X-ray powder diffraction………………… 27 
2.2.1.2  Single crystals X-ray diffraction………… 27 
2.2.1.3  Structure determination…………………. 32 
2.2.2  Energy dispersive X-ray spectroscopy (EDXS)………. 35 
2.2.3  Thermal analysis………………………………………. 35 
2.2.4  Electrical Resistivity ….. ……………………………… 36 
2.2.5  Band structure calculation…………………………….. 36 
2.2.6  General remarks …………………..…………………... 37 
3  Results and discussion.………………………………………... 38 
3.1  Synthesis, crystal structure, thermal analysis and  
electronic structure of AgBi2S2Cl3 …………..……………… 38 
3.1.1  Synthesis………………………………………………. 38 
3.1.2  Crystallography……………………………………….. 39 
3.1.3  Band structure calculation…………………………….. 46 
3.2  Compounds with composition Ag4xBi8-4xS12-8xX8x  
(X = Cl, Br), N = 1................................................................... 48 
3.2.1  Synthesis, crystal structure, thermal analysis and band 
structure of AgBiSCl2 = Ag4xBi8–4xS12–8xCl8x (x = 1) … 48 
3.2.1.1 Synthesis………………………………………. 48 
3.2.1.2 Crystallography……………………………….. 49 
3.2.1.3 Electrical resistivity…………………………… 57 
3.2.1.4 Band structure calculation…………………….. 58 
3.2.2  Syntheses, and crystal structures of Ag4xBi8–4xS12–8xBr8x  
with x = 0.50 (3), 0.64 (4) and 0.73 (5)……………… 59 
3.2.2.1 Syntheses……………………………………… 59 
3.2.2.2 EDX analysis…………………………………... 60 
3.2.2.3 Crystallography……………………………….. 61 
3.2.2.4 Band structure calculation…………………….. 71 
3.3  Syntheses and crystal structures of Ag6xBi10–6xS16–12xCl12x–2;  
Contents 
 
iii
N = 2; x = 0.53 (6) and x = 0.67 (7)…………………………. 73 
3.3.1  Syntheses……………………………………………… 73 
3.3.2  Crystallography……………………………………….. 74 
3.3.3  Band structure calculation…………………………….. 84 
3.4  Syntheses and crystal structures of Ag8xBi12–8xQ20–16xBr16x–4 
(Q = S, Se); N = 3……………………………………………. 86 
3.4.1  Syntheses……………………………………………… 86 
3.4.2  Crystallography……………………………………….. 87 
3.5  Syntheses and crystal structures of Ag10xBi14–10xQ24–20xX20x–6  
(Q = S, Se; X = Cl, Br); N = 4……………………………….. 100 
3.5.1  Syntheses……………………………………………… 100 
3.5.2  EDX analysis ………………………………………….. 101 
3.5.3  Crystallography……………………………………….. 102 
3.5.4  Electrical resistivity…………………………………… 115 
3.6  Synthesis and crystal structure of Ag7.30Bi8.70S13.40Br6.60,  
a member of the series Ag12xBi16–12xS28–24xBr24x–8 with 
x = 0.61; N = 5………………………………………………. 117 
3.6.1  Synthesis……………………………………………… 117 
3.6.2  Crystallography………………………………………. 117 
3.7  Syntheses and crystal structures of Ag16xBi20–16xQ36–32xBr32x–12 
(Q = S, Se); N = 7…………………………………………… 126 
3.7.1  Syntheses……………………………………………… 126 
3.7.2  Crystallography……………………………………….. 127 
3.8  The homologous series [BiQX]2·[MZ]N+1……………………. 137 
3.8.1  Definition of the homologous series…………………... 137 
3.8.2  General properties of the homologous series…………. 153 
3.9  Synthesis and crystal structure of Ag3.5Bi7.5S13, a new  
member of the homologous series [Bi2S3]2·[AgBiS2](N–1)/2 
with N = 8……………………………………………………. 163 
   Contents 
 
iv
3.9.1 Synthesis………………………………………………. 163 
3.9.2  EDX analysis ……………………………………...…... 163 
3.9.3  Crystallography……………………………………….. 165 
3.10  Synthesis and crystal structures of Bi6+δS6+3δCl6–3δ (δ ≤ 1). 174 
3.10.1 Synthesis………………………….…………………… 174 
3.10.2 EDX analysis ………………...……………………….. 175 
3.10.3 Crystallography……………………………………….. 176 
3.11  Synthesis and crystal structure of Ag1.2Bi17.6S23Cl8………….. 184 
3.11.1 Synthesis……………………………………………… 184 
3.11.1 Crystallography………………………………………. 184 
3.12  Synthesis and crystal structure of AgBi4Se5Br3……………… 201 
3.12.1 Synthesis……………………………………………… 201 
3.12.2 Crystallography………………………………………. 202 
4  Conclusion and outlook……………….………………………. 211 
5 References………………………………………………………... 214 
6  Appendix…...…………………………………………………….. 221 
6.1 Computer Programs Used……………………………………. 221 
6.2  Theoretical and experimental powder diagrams of the  
synthesized starting materials………………………………... 222 
6.3 Crystallographic data and details on the structure  
determination of ternary and quaternary compounds in the  
systems Ag – Bi – Q – X (Q = S, Se, X = Cl, Br)………....…. 224 
 
 
 
 
 
 
 
 
Summary 
 
v
 
Summary 
 
Our systematic synthetic investigations of the quaternary systems Ag – Bi – Q – X (Q = S, Se; 
X = Cl, Br) led to a variety of quaternary phases (Table 0.1) that exhibit considerable 
structural diversity with increasing complexity. These include numerous members of the 
homologous double series Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) where N represents the 
order number of a given homologue and x is the degree of substitution of Bi by Ag with  
1/2 ≤ x ≤ 1. Various members of the series (except AgBiSCl2) crystallize in the monoclinic 
space group C2/m and adopt different structure types that are closely related to each other. 
Their structures are built up from two alternating types of layers denoted A and B that are 
stacked parallel to (001). In layer A, rows of edge-sharing [MZ6] octahedra (Z = X and/or Q); 
M = Ag and/or Bi) running parallel to [010] alternate along [100] with parallel chains of 
paired monocapped trigonal prisms around Bi atoms. The composition and the thickness of 
layer A is nearly the same in the structures of all currently known members of the series. The 
layer type denoted B represents NaCl-type fragments of varying thickness. It is defined by the 
number N of octahedra within the chain of edge-sharing octahedra running diagonally across 
it in the (010) plane of the structure. The thickness of layer B for current members of the 
series extends from N = 0 to N = 7.  
The general formula Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) was derived from the 
variation of charge and mass generated by the Ag/Bi and Q/X distribution observed in the 
crystal lattice of various members of the series. Each structure type (given N) is representative 
of a continuous spectrum of isostructural compounds with a limited range of composition 
defined by x. The observed characteristic disordering behaviour involving cations and anions 
is representative of these groups of compounds, and this property may lead to significant 
flexibility in the compositional changes in the Ag/Bi ratio in these systems. The two 
independent parameters N and x are fundamental to the complete description of a given 
member of the double series. The homologous series 
Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) parallels that of the pavonite family denoted by 
NP. Therefore, the symbol (N, x)P can be used to designate members of this double series of 
quaternary compounds. Currently known members of the series synthesized and characterized 
by us are given in table 0.1. Some of these compounds are narrow gap semiconductors. The 
experimental value of the band gap obtained for Ag6.98Bi7.02S10.04Br7.96 (
(4, 0.7)P) was 0.35 eV.  
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The sulphide chloride AgBiSCl2 represents the hitherto maximally substituted member (1, 1)P 
of the series in the system Ag/Bi/S/Cl. AgBiSCl2 shows orthorhombic symmetry (Cmcm). The 
Bi atoms in the compound have bi-capped trigonal-prismatic coordination (c.n. = 8). The 
coordination polyhedra form corrugated layers by sharing common edges and faces. The 
silver atoms fill octahedral voids between the layers with two short Ag–S (linear 
coordination) and four considerably longer Ag–Cl distances. AgBiSCl2 also exhibits 
semiconducting behaviour with an electrical band gap of 1.2 eV.  
In addition to various members of the homologous series, the quaternary compounds 
Ag1.2Bi17.6S23Cl8 and AgBi4Se5Br3 were also synthesized and structurally characterized. 
Ag1.2Bi17.6S23Cl8 crystallizes in the monoclinic system (C2/m) and adopts a complex three-
dimensional framework that can be interpreted in terms of two alternating substructures. The 
first represents the so-called two-layer member (2, x)P of the homologous series  
Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1). The second part consists of stacks of face-
sharing bi-capped trigonal prisms around bismuth(III) cations that share common edges to 
form hexagonal tubes, with additional bismuth(III) cations along the central axes. This 
substructure is similar to the rhombohedral structure of Bi4S5Cl2. The arrangement of atoms is 
the same in both structures except for the distribution of the Bi atoms inside the channel. In 
the rhombohedral structure an ordering of the Bi positions within the channels leads to a 
superstructure. In the present case, a positional disorder of the Bi sites is observed. 
AgBi4Se5Br3 crystallizes in the monoclinic system (P21/m) and adopts the AgBi2Q3Cl (Q = S, 
Se) structure type. In the crystal structure, the Bi(III) cations have a monocapped trigonal 
prismatic coordination of selenide and bromide ions. The prisms constitute a three 
dimensional framework by sharing common edges and faces. Silver (I) cations, which have a 
distorted octahedral coordination of three selenide ions and three anions with varying 
characteristic (Z), partially fill linear channels. The deviation of the observed chemical 
formula from the ideal composition of AgBi2Se3Br expected from analogy with the 
isostructural compounds AgBi2Q3Cl (Q = S, Se) is due to the partial occupation of the silver 
positions in the structure, which generates mixed occupation between Se and Br in anion 
positions. 
Besides the synthesis of the quaternary silver bismuth chalcogenide halides, the crystal 
structures of the ternary compounds Bi6+δS6+3δCl6–3δ (δ ≤ 1) and Ag3.5Bi7.5S13 have also been 
described. Compounds of the general formula Bi6+δS6+3δCl6–3δ crystallize in the hexagonal 
crystal system (P63/m) and adopt structures that can be derived from the rhombohedral 
structure of Bi4S5Cl2. The distribution of atoms is the same as that found in the “Bi4S5Cl2”-
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part of the structure of Ag1.2Bi17.6S23Cl8. The occupation of the available Bi positions within 
the channel in this series of compounds can vary. The variability of the amount of Bi atoms 
that are found inside the channel is due to the variation of charge generated by the substitution 
of bivalent S atoms by univalent Cl atoms in the anion positions. This substitution procedure 
yields the series of compounds with general formula Bi6+δS6+3δCl6–3δ (δ ≤ 1), where δ 
corresponds to the amount of Bi atoms found inside the channel. Ag3.5Bi7.5S13 represents a 
new member of the pavonite homologous series [Bi2S3]2·[AgBiS2](N–1)/2 (N = 8) in the ternary 
system Ag – Bi – S. Its structure consists of NaCl-like fragments (denoted B) with a thickness 
of eight octahedra (N = 8) that are separated along [001] by layers (denoted A) consisting of 
paired monocapped trigonal prisms around Bi atoms and octahedrally coordinated metal 
atoms (Ag/Bi).  
Attempts to investigate quaternary compounds in the sulpho-iodide analogue system 
yielded no positive results. 
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Table 0.1: Ternary and quaternary compounds in the systems Ag – Bi – Q – X  
(Q = S, Se; X = Cl, Br) 
 
Lattice parameters 
No. Formula sum (Z = 1)* 
Space 
group a (pm) b (pm) c (pm) β (º) 
x N 
Symbol
(N, x)P
(1) Ag2Bi4S4Cl6 C2/m 1257.3(3) 400.0(1) 804.1(2) 111.0(1) 1 0 (0, 1)P
(2) Ag4Bi4S4Cl8 Cmcm 397.1(1) 1371.2(3) 882.4(2) 90.0 1 1 (1, 1)P
(3) Ag2Bi6S8Br4 C2/m 1331.3(5) 408.0(2) 972.1(3) 90.8(1) 0.50 1 (1, 0.50)P
(4) Ag2.54Bi5.46S6.92Br5.08 C2/m 1328.9(4) 408.5(1) 973.4(4) 90.9(1) 0.64 1 (1, 0.64)P
(5) Ag2.91Bi5.09S6.18Br5.82 C2/m 1332.4(3) 409.3(1) 974.3(2) 90.4(1) 0.73 1 (1, 0.73)P
(6) Ag3.17Bi6.83S9.66Cl4.34 C2/m 1326.7(3) 403.9(1) 1176.7(2) 107.8(1) 0.53 2 (2, 0.53)P
(7) Ag4Bi6S8Cl6 C2/m 1325.4(3) 403.3(1) 1170.6(2) 108.1(1) 0.67 2 (2, 0.67)P
(8) Ag5.58Bi6.42S8.85Br7.15 C2/m 1338.9(4) 407.7(1) 1426.4(4) 114.0(1) 0.70 3 (3, 0.70)P
(9) Ag5.78Bi6.22S8.44Br7.56 C2/m 1345.9(3) 408.2(1) 1428.4(4) 114.0(1) 0.72 3 (3, 0.72)P
(10) Ag6.72Bi5.28S6.56Br9.44 C2/m 1346.7(4) 409.3(1) 1440.7(4) 114.4(1) 0.84 3 (3, 0.84)P
(11) Ag5.72Bi6.28Se8.56Br7.44 C2/m 1370.9(2) 417.6(1) 1480.4(3) 114.9(1) 0.72 3 (3, 0.72)P
(12) Ag6Bi8S12Cl6 C2/m 1329.8(3) 403.3(1) 1471.8(3) 99.2(1) 0.60 4 (4, 0.60)P
(13) Ag6.98Bi7.02S10.04Br7.96 C2/m 1340.7(1) 407.6(1) 1501.3(1) 98.7(1) 0.70 4 (4, 0.70)P
(14) Ag6.80Bi7.20Se10.40Br7.60 C2/m 1372.8(2) 417.6(1) 1535.6(3) 99.3(1) 0.68 4 (4, 0.68)P
(15) Ag7.30Bi8.70S13.40Br6.60 C2/m 1340.3(3) 407.0(1) 1653.1(3) 95.1(1) 0.61 5 (5, 0.61)P
(16) Ag10.28Bi9.72S15.44Br8.56 C2/m 1338.4(2) 406.3(1) 2041.3(3) 103.0(1) 0.65 7 (7, 0.65)P
(17) Ag9.11Bi10.89Se17.78Br6.22 C2/m 1362.2(4) 417.2(1) 2104.7(4) 102.7(1) 0.57 7 (7, 0.57)P
(18) Ag2.4Bi35.2S46Cl16 C2/m 5303.6(9) 403.0(1) 1164.3(4) 94.4(1) – – 
(19) AgBi4Se5Br3 P21/m 808.5(2) 413.1(1) 1133.4(3) 103.2(1)   
(20) Bi6.64S7.92Cl4.08  P63/m 1142.7(2) 1142.7(2) 407.1(1)    δ = 0.64
(21) Bi6.88S8.64Cl3.36  P63/m 1154.0(2) 1154.0(2) 404.0(1)    δ = 0.88
(22) Ag3.5Bi7.5S13 C2/m 1332.4(2) 404.6(1) 2148.4(4) 92.9(1)  8 8P
 
 
 
* The formulae correspond to the contents of one unit cell. 
In all compounds the oxidation states of cations are +III for Bi and +I for Ag. 
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1  Introduction and motivation 
 
1.1 Bismuth and binary bismuth chalcogenides 
 
1.1.1 Crystal chemistry of bismuth 
 
From the crystallochemical point of view, bismuth is closely related to arsenic and antimony 
as well as to lead. This property derives from its position in the periodic table (group 15) and 
from the common electronic structure of Bi3+ and Pb2+ and also from the common geological 
occurrence [1]. Bismuth is generally found in sulphidic ore deposits and their oxidation zones. 
It also occurs in rocks as a trace element. The principal groups of bismuth minerals include  
(a) metallic bismuth and alloys, 
(b) sulphides, selenides, tellurides and sulphosalts, 
(c) oxides, oxosalts and halogen-oxosalts [1]. 
In contrast to arsenic and antimony, bismuth is trivalent in all its minerals. The 6s2 
lone electron pair of Bi can be stereochemically active or inert. The stereoactivity of the lone 
electron pair leads to the distortion of the local coordination of the Bi atom. Alternatively, Bi 
atom adopts more regular octahedral coordination (Bi3+ at the center of the octahedron) when 
the lone pair is stereochemically inactive. This property gives rise to an astonishing 
malleability of the geometry of Bi coordination according to the composition. 
 
1.1.2  Binary bismuth chalcogenides 
 
Bi combines with S, Se and Te to form compounds with structures that can be divided into 
two groups [1]:  
(a) The Bi2S3 structure type, which is also preserved for small isomorphic addition of  
Se (upto a ratio of S:Se = 2:1). This group has a three-dimensional net of face- and edge-
sharing monocapped trigonal prisms (Fig. 1.1). In the structure Bi atoms are surrounded by 
seven sulphur atoms forming a monocapped trigonal prismatic coordination. The coordination 
of the two crystallographically independent bismuth atoms differs only from the arrangement 
of atoms in the coordination polyhedron and the connectivity between equivalent coordination 
polyhedra. In one case equivalent monocapped trigonal prisms share the triangular face of the 
prisms to form infinite chain running along [001]. In another case the monocapped trigonal 
prisms share edges to form infinite chain parallel to [001] (Fig. 1.1). The common 
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coordination polyhedron is a tetragonal pyramid with two additional atoms at the back side of 
the pyramid. The bismuth atom in one case is located slightly above the base and slightly 
below in the other case.  
 
 
 
Fig. 1.1. Structure of Bi2S3 [2] highlighting the chain of monocapped trigonal prisms around 
Bi atoms. Filled black circles are Bi and opened black circles are S. Gray coloured prisms 
share faces along [001] and white coloured prisms share edges along [001]. 
 
 
 (b)  A trigonal layer structure occurs with higher Se content and in the presence of Te. In 
this structure, Bi has a trigonal antiprismatic coordination of S, Se, or Te.  
In multinary bismuth chalcogenides these two types of structures generally occur in 
different shapes and sizes as structural units and are connected to different other blocks (rods 
or layers) to build the three-dimensional frameworks. 
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1.2  Multinary bismuth chalcogenides 
 
In multinary (ternary and quaternary) bismuth chalcogenides, bismuth atoms often adopt 
distorted octahedral coordination (with short bonds trans to long bonds) that resembles a 
trigonal pyramid, a square pyramid or a trigonal bipyramid. However, Bi atoms with higher 
coordination number (c.n. > 6) are also found. 
Various types of Bi coordination (Fig. 1.2) generally found in ternary bismuth 
sulphides have been defined by Kupčik [1] and the Bi–S valences have been subdivided 
according to bond character and strength into the following groups:  
 
Fig. 1.2. Different [BiSn] coordination polyhedra [1]. Black circles: Bi; white circles: S; 
double lines correspond to the connection to two S atoms that are overlapped in the 
projection; lines with the same colour and thickness are equal in length.  
 
a)  Bi – S bond with distances ranging from 2.52 to 2.67 Å are regarded as p3 bonds and 
are approximately rectangular to each other. This group includes the vector to the top of the 
coordination pyramid. 
b)  Bi – S bond with distances above 2.80 Å are hybrid p – d bonds. These bonds are 
mostly within the base of the pyramid. 
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c)  Bi – S bond with distances from 2.94 to 3.17 Å are pure d bonds lying within the base 
of the pyramid. 
d)  Bi – S bond with distances above 3.27 Å are weak d bonds indicating a possible 
activity of the lone pair. 
The coordination polyhedra around Bi atoms (octahedra) are usually linked by sharing 
edges to form blocks that derive from the NaCl-, Bi2Te3-, CdI2- and Sb2Se3- types structures. 
These blocks in the structures of multinary bismuth chalcogenides come in different shapes 
and sizes and are usually connected either directly with each other or through metal atoms of 
high coordination (c.n. > 6). These characteristics point to a seemingly countless number of 
novel phases that can potentially form, and can also generate complexity, diversity and 
disorder in the structures of multinary bismuth chalcogenides. Furthermore, the bonding 
flexibility of bismuth enables it to occupy sites with coordination numbers up to nine and 
when possible to participate in mixed site occupation with similarly sized atoms such as Sn, 
Sb, Pb, lanthanide (La,Ce, Pr, Nd, Eu), alkali metal (K, Rb, Cs), alkaline earth metal (Sr, Ba) 
atoms or with slightly smaller atoms as Cu and Ag. The above mentioned characteristics are 
spectacularly expressed in numerous synthetic and naturally occurring ternary and quaternary 
bismuth chalcogenides. These compounds with general composition AxBiyQz (A = alkali 
metals, alkaline earths metals or other metals, Q = S, Se) can be divided into two main groups:  
a)  The first group includes ternary and quaternary bismuth chalcogenides containing 
alkali metal, alkali-earth metal or rare earth element. Members of this group are mainly 
synthetic phases. 
b)  The second group corresponds to the so-called bismuth sulphosalt which consists of 
complex bismuth chalcogenides with A = Pb, Cu, Ag or other metals. This group includes 
both synthetic and naturally occurring bismuth chalcogenides. 
 
 
1.2.1  Synthetic ternary and quaternary bismuth sulphides and bismuth selenides 
 
Since three decades, there is strong interest in the synthesis of multinary bismuth 
chalcogenides. More recently, substantial interest in this class of compounds derives from 
their potential as thermoelectric materials [3,4].  
Exploratory investigations of ternary bismuth chalcogenides have resulted in the 
discovery of numerous interesting compounds. Most are from the systems A – Bi – Q (where 
A = alkali metals, alkaline earths metals, transition metals or lanthanides and Q = S, Se) 
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(Table 1.1). These compounds adopt open framework structures composed of blocks (rods, 
layers) of BiQ6 octahedra with various dimensions that combine to form two- or three-
dimensional anionic framework with alkali metals, alkali-earth metals or rare earth metals 
ions located between the layers or in channels. A typical example (Fig. 1.3) corresponds to the 
structure of β-K2Bi8Se13 which is composed of NaCl-type units connecting to form K
+-filled 
channels. Some of these compounds possess promising thermoelectric properties [4, 18]. 
 
Table 1.1: Some synthetic ternary bismuth chalcogenides 
 
Compounds References 
ABiQ2 (A = alkali metal; Q = chalcogen)  [5-8] 
α-, β-CsBiS2  [9] 
ABi3S5 (A = K, Rb, Cs)  [10-12] 
CsBi3.67Se6  [13] 
CsBi4Te6  [4] 
AxBi4Se7 (A = Rb, Cs; x = 1, 2)  [14] 
KBi6.33S10  [15,16] 
Cs3Bi7Se12  [17] 
(α-, β-) K2Bi8Se13  [9, 18] 
A2Bi8Q13 (A = K, Rb, Cs; Q = S, Se)  [13, 15, 16] 
K2.5Bi8.5Se14  [18] 
BaBiSe3, BaBiTe3 [19], [20] 
α-, β-BaBi2S4  [21] 
BaBi2Se4  [13] 
Ba3Bi6.67Se13  [22] 
Sr4Bi6Se13  [23] 
CdBi2S4, CdBi4S7, Cd2Bi6S11 and Cd2.8Bi8.1S15  [24] 
Sn4Bi2Se7 [25] 
EuBi2S4  [26] 
Eu2BiS4  [27] 
La4Bi2S9  [28] 
Eu3Bi4Q9 (Q = S, Se)  [29] 
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Fig. 1.3. Projection of the structure of β-K2Bi8Se13 [9, 18] viewed down [010]. NaCl[100] and 
Bi2Te3 ≅  NaCl[111] fragments that build the structure are highlighted. 
 
Many quaternary alkali metals, alkali-earth metals or rare earth metals bismuth 
chalcogenides containing others metals are also known. Among these are: the family of 
semiconducting phases with general formula ALn1±x Bi4±xS8 (A = K, Rb; Ln = La, Ce, Pr, Nd) 
[30], K3Bi5Cu2S10 [31], CsBi2CuS4 [31], RbBi2.66CuSe5 [31], CsBiAg2S3 [31], A3Bi5Cu2S10 (A 
= Rb, Cs) [32], KBi2CuS4 [32], Sr2Pb2Bi6Se13 [33, 34], Eu2Pb2Bi6Se13 [33, 34], Ba3PbBi6Se13 
[35, 36], K2Bi8–xSbxSe13 [37], APbBi3Se6 (A = K, Rb) [38], APbBi3S6 (A = Rb, Cs) [38], α-, β- 
CsPbBi3Se6 [38]. These compounds also adopt open framework structures with alkali metal or 
alkali-earth metals ions located in the tunnels or between the layers. The Figure 1.4 represents 
the structures of CsBiAg2S3 [31], which is composed of two-dimensional ∞
2 [BiAg2S3]– layers 
separated by the Cs atoms. 
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Fig. 1.4. Structure of CsBiAg2S3 [31] viewed down [001] showing the two-dimensional 
∞
2 [BiAg2S3]– layer. Cs atoms are located between the layers. 
 
Recently, the homologous series of quaternary compounds with general formula 
Am[M6Se8]m[M5+nSe9+n] (A= K, Rb; M = Sn, Pb, Bi, Sb) adopting open framework structures 
have been reported [39]. Their structures are composed of [M5+nSe9+n] (Bi2Te3-type ≅  
NaCl[111]-type) and [M6Se8]m (NaCl[100]-type) units of variable dimensions defined by n and 
m, which link to produce anionic frameworks with alkali metal (Am) filled tunnels (Fig. 1.5).  
Series of known members include, A1–xM3–xBi11+xSe20 (A = K, Rb, Cs; M = Sn, Pb) [40], 
A1+xM3–2xBi7+xSe14 (A = K, Cs; M = Sn, Pb) [40], A1-xM4-xBi11+xSe21 (A = K, Rb, Cs; M = Sn, 
Pb) [39, 41], A1+xM4-2xBi7+xSe15 (A = K, Rb; M = Pb, Sn, Sb) [42], A1+xM4-2xBi7+xSe15 [43], 
K1–xSn5–xBi11+xSe22 [39] and A1–xSn9–xBi11+xSe26 (A = K, Rb, Cs) [44]. Members of this family 
show promising thermoelectric properties. 
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Fig. 1.5. A representation of the structure of Am[M6Se8]m[M5+nSe9+n] (M = Sn, Pb, Bi; A = K, 
Rb, Cs) homologous series, the example of the structure of K0.66Sn4.82Bi11.18Se22 [39]. 
 
 
1.2.2  Ternary and quaternary bismuth sulphosalts 
 
In addition to bismuth suphides and selenides, several synthetic and naturally occurring 
bismuth sulphosalts are known. Most are from Pb – Bi – S, Ag – Pb – Bi – S, Cu – Bi – S and 
Ag – Bi – S systems. A large number of these compounds are members of homologous series.  
The terminology “homologous series” was first used by Magneli [45] to characterize 
chemical series that are expressed by general formulae and built on common structural 
principles, which are found in transition metal oxides [46]. Some typical examples in solid 
state chemistry include the Aurivillius phases Bi2An-1BnO3n+3 (A = Na, K, Ca, Sr, Ba, Pb, Ln, 
Bi, U, Th, etc... and B = Fe, Cr, Ga, Ti, Zr, Nb, Ta, Mo, W, etc…) [47], the Jacobson – Dion 
phases A[A´n-1BnO3n+1] (A = Li, Na, K, Rb, Cs, Tl, NH4; A´= Ca, Nd; B = Nb) [48, 49]. The 
structures of these lamellar oxides are related to the rutile and perovskite type, where the 
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integer n determines the thickness of the slabs. Other known series are CdxBi2Sx+3 [50], 
An+1MnnO3n+3(A2O) [51], the lillianite homologous series (LHS) and the Pavonite homologous 
series (PHS). 
 
1.2.2.1 Lillianite homologous series (LHS) 
 
Members of the LHS are Ag – Pb – Bi and Pb – Bi sulphosalts. Their structures consist of 
layers of NaCl-type structure alternating in [010] direction. Adjacent NaCl-like layers are 
separated by discontinuous layers of bicapped trigonal prisms [(Pb/Bi)S6+2] around Pb/Bi 
atoms (Fig. 1.6).  
 
Fig. 1.6. The crystal structure of lillianite, (Pb3Bi2S6) [52], the structure type of the lillianite 
homologous series ((N1, N2)L) PbN–1–2xBi2+xAgxSN+2 (N represents the average of N1 and N2). 
The two alternating mirror related NaCl-like layers that build the structure are indicated. The 
order number of the homologue is N1 = N2 = 4.  
 
 
Members of the series differ by the width of the NaCl-like units, which is well defined 
by the number N of octahedra in the chain of edge-sharing octahedra running diagonally 
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across a given unit. Each member of the series is denoted as N1, N2L where N1 and N2 are the 
values of N for two adjacent units. Their general formula is PbN–1–2xBi2+xAgxSN+2 (Z = 4) [53-
56] where N represents the average of N1 and N2 and x is the substitution coefficient. Known 
members of this series include lillianite – gustavite, Pb3Bi2S6 – AgPbBi3S6, solid solution (N1 
= N2 = 4) [57, 58]; xilingolite, Pb2.91Bi2.07S5.98 (N1 = 2, N2 = 6) [59]; heyrovskyite solid 
solution Pb6Bi2S9 – Ag1.8Pb2.5Bi2.8S9 (N1 = N2 = 7) [60-63]. 
In addition to the lillianite homologues, a wide number of minerals are also known in 
the Pb – Bi – Q (Q = S, Se) systems. Among these are PbBi2S4 [64], PbBi4S7 [65], PbBi4S8 
[66] PbBi6S10 [67], Pb2Bi2S5 [68], Pb2Bi6S11 [69], Pb3Bi2S6 [52], Pb3Bi10S18 [69], Pb4Bi6S13 
[70], PbBiSe2 [71], PbBi2Se4 [72], PbBi4Se7 [72], Pb2Bi2Se5 [73] Pb3Bi4Se9 [73], Pb8Bi6Se17 
[74], Pb9Bi4Se15 [74]. 
 
 
1.2.2.2 Pavonite homologous series (PHS) 
 
Members of the PHS are Ag – Bi sulphosalts and their Cu and Pb substituted derivatives. 
Their structures consist of two alternating kinds of layers parallel to (001) (Fig. 1.7). In the 
layer denoted A, [MS6] octahedra alternate with paired monocapped trigonal prisms around 
Bi. The NaCl-like layer, denoted B, is composed of parallel, N-membered chain of edge-
sharing octahedra. Various members of the series are denoted by the symbol NP [75]. Their 
general chemical formula is MoctN+1Bi2QN+5 where the octahedral metal positions Moct can be 
occupied by Bi, Pb, Ag or Cu. These positions always exhibit mixed occupation between Bi 
and other metal atoms (Pb, Ag, Cu).  
Well known members of the series in order of increasing N include PbBi4S7 (N = 2) 
[65], Cu1.77Bi4.57S8 [76] and CuBi5S8 [77] (N = 3), “Cu2+xBi6-xS9” [78] and 
Cu1.12Ag0.81Pb0.66Bi5.02S9 [79] (N = 4), Ag2Bi6S10 [75] (N = 5), Cu0.27Ag0.781Pb0.33Bi2.78S5 [80] 
(N = 5), CuPb3Bi5Se11 [79] (N = 6), Cu0.5Pb0.4Ag2.3Bi6.8S12 [81] (N = 7), Ag3Bi7S12 (N = 7) 
[82], Cu1.34Ag2.38Pb1.44Bi6.28S13 (N = 8) [79], Cu0.58Ag3.11Pb1.10Bi6.65S13(N = 8) [83] and 
Ag4.83Fe0.21Pb0.45B(Bi,Sb)8.84S16 (N = 11) [84]. 
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Fig. 1.7. The structure of pavonite [75], AgBi3S5, the name-giving compound for the structure 
type of the pavonite homologous series. The order number of the homologue is N = 5. 
 
In addition to these compounds, several ternary Cu – Bi sulphosalt are also known. 
Among these are Cu1.6Bi4.8S8 [85], Cu2.3Bi3.14S6 [86], Cu2.58Bi3.14S6 [87], Cu3Bi5S9 [76], 
Cu3BiS3 [88], Cu4Bi4S9 [89], Cu4Bi5S10 [90], Cu5.37Bi0.55S4 [91], CuBi5S8 [85, 92] and CuBiS2 
[93, 94]. All these phases lie in the CuS – Cu2S – Bi2S3 triangle (Fig. 1.8). The compounds 
crystallize in various layered structure types with increasing complexity depending on the 
compositions. These structures are closely related to each other and are built of NaCl-like 
fragments with various dimensions that are (eventually) separated by discontinuous layers of 
Bi atoms with higher coordination number (c.n. > 6). The NaCl-like fragments always show 
intensive mixed occupation between Cu and Bi atoms. 
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Fig. 1.8. Compositional plot Cu – Bi – S with selected currently known phases. 
 
 
1.3  Bismuth chalcogenide halides 
 
Besides the ternary and quaternary bismuth chalcogenides, much attention has been focused 
on the investigation of Bi compounds with mixed anions such as bismuth chalcogenide 
halides Bi – Q – X. The investigation of such ternary bismuth compounds was motivated by 
their optical, photoconducting and ferroelectric properties [95]. These investigations led to the 
synthesis and structural characterization of a number of ternary bismuth chalcogenide halides. 
The compounds can be grouped in three principal classes according to their compositions and 
their crystal structures.  
The first class corresponds to the ternary phases with general composition BiQX (Q = 
S, Se; X = Cl, Br) [95-98]. These phases are isostructural and are composed of double-chains 
of bicapped trigonal prisms with composition {Bi2Q4X8}n that infinitely propagate along 
[001]. The chain is further linked to four adjacent similar units by sharing common (X – Q) 
edges and form a three dimensional framework of bismuth polyhedra with “empty” octahedral 
voids that can accommodate additional metal atoms (Fig. 1.9). Some of them possess 
interesting optical, photoconducting and ferroelectric properties [95, 97]. 
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Fig. 1.9. The crystal structure of BiQX, (Q = S, Se; X= Cl, Br) [95-98]. 
 
 
The second class represents the isostructural phases with general formula Bi19S27X3 (X 
= Cl, Br, I) [99-101]. Their structures are composed of six-membered ring walls of bicapped 
trigonal prisms around bismuth atoms with additional bismuth atoms in the central axis.  
Adjacent pseudo hexagonal ring walls are separated by isolated double-chains of monocapped 
trigonal prisms around Bi atoms.  
The third class corresponds to the ternary Bi4S5Cl2 [102]. Its structure is closely related 
to those of Bi19S27X3 described above and is composed only of pseudo hexagonal ring walls of 
bicapped trigonal prisms around Bi atoms (Fig. 1.10).  
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Fig. 1.10. The rhombohedral structure of Bi4S5Cl2 [102], a 9-fold superstructure of the 
hypothetical N = 0 member of the zinckenite homologous series. 
 
The two latter classes of compounds structurally belong to the zinckenite (Pb9Sb22S42) 
homologous series [103] with N = 1 and 0 respectively. Members of this series are cyclically 
twinned sulphosalts with general composition M6+δ+N(N+5)A12+N(N+7) where M = cations and A = 
anions, primarily sulphur atoms. In their structures, metal sites with 63 screw axes going 
through them are surrounded by a six membered ring of bicapped trigonal prisms of Bi, Sb, or 
Pb. These polyhedra further share faces along [001] and form pseudo-hexagonal tunnels 
parallel to the 63 axes (Fig. 1.11). The number of polyhedra between two adjacent ring-
channels defined the order number (N) of the homologue. Other members of the series include 
Pb7S2Br10 (N = 0) [104], and Th7S12 (N = 0) [105]. 
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Fig. 1.11. The crystal structure of zinckenite, (Pb6Sb14S27)1.5, [103] the structure type of the 
zinckenite homologous series M6+x+N(N+5)A12+N(N+7). The order number of the homologue is  
N = 3. “Empty” triangular channels between compact layers of edge-sharing monocapped 
trigonal prisms (with thickness defined by N) that separate adjacent hexagonal ring walls are 
hatched.  
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1.4  Motivation and aim of the work 
 
In contrary to the ternary Cu – Bi – Q (Q = S, Se) systems in which many compounds are 
known, the silver analogue systems are still poorly investigated. Only the existence of 
pavonite homologues “AgBi6S9” [79] (N = 4), Ag2Bi6S10 [75] (N = 5), Ag3Bi7S12 (N = 7) [82], 
AgBiQ2 (Q = S, Se) [106] have been reported so far (Fig. 1.12). All these phases lie on the 
Ag2S – Bi2S3 pseudo-binary section in the ternary Ag – Bi – S system. Our motivation to 
investigate new ternary and quaternary compounds in this system derives from two principal 
observations: 
(i) As depicted in figure 1.12, some predictable members of the pavonite homologous 
series with general formula [Bi2S3]2·[AgBiS2](N–1)/2 (Z = 2) in the ternary system Ag – Bi – S 
are still unknown. For example the compounds Ag0.5Bi4.5S7 (N = 2), AgBi5S8 (N = 3), 
Ag1.5Bi5.5S9 (N = 4), Ag2.5Bi6.5S11 (N = 6), Ag3.5Bi7.5S13 (N = 8), Ag4Bi8S14 (N = 9) etc…. 
(ii)  Almost all known ternary phases in the system Ag – Bi – S show Ag/Bi disorder in 
octahedrally coordinated metal sites in their structures. 
 
 
Fig. 1.12. Ag – Bi – S system showing the composition field of existing and hypothetical 
phases. 
* Predicted but still missing 
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In the view of these observations exploratory synthetic investigations of this system was 
necessary in order to isolate missing ternary compounds, to study the nature of the cation 
disorder observed in their structures and to check about the possibility of solid solution that 
should lead to more ordered phases.  
In the present work we are interested in designing new quaternary compounds with 
ordered or disordered pavonite type structures. The strategy consists of partial substitution of 
bivalent sulphur atoms by univalent halogens in the structures of various known and 
hypothetical pavonite homologues in the ternary system Ag – Bi – S. This operation is 
expected to generate variation of mass and charge in the crystal lattice that should yield to a 
continuous series of quaternary isostructural compounds and might open a way to structural 
ordering. 
At the beginning of our investigation, only a limited number of quaternary phases 
consisting of a transition metal and several types of the p-block elements were known. In the 
systems T – Pn – Q – X (T = transition metal; Pn = P, As, Sb, Bi; Q = S, Se, Te; X = F, Cl, Br, 
I), the most prevalent examples are copper containing compounds. These include Cu6PS5Br 
[107], (CuBr)3P4Se4 [108], (CuI)P4Se4 [109], (CuI)3P4Se4 [110], (CuI)2P8Se3 [111], 
(CuI)2Cu3SbS3 [112], Bi2Cu3S4X (X = Cl, Br) [113, 114], Cu3.1Bi9.4Se15.3I0.7 [115], 
Cu4.5Bi10Se16.5I1.5 [115] or other d-block element, for example, CdSb6S8I4 [116], Hg3AsQ4X 
(Q = S, Se; X = Cl, Br, I) [117], and MnSbSe2I [118]. The isostructural bismuth indides 
InBi2S4X (X = Cl, Br) [119] are also known. From the quaternary systems Ag/Bi/Q/X (Q = S, 
Se; X = Cl, Br) only the crystal structures of Ag2Bi2S3Cl2 [120] and the two isostructural 
compounds AgBi2Q3Cl (Q = S, Se) [121] have been reported so far.  
Our investigation is expected to elucidate the Ag/Bi ordering or disorder, the cation 
sites influenced by the Ag and Bi substitution, the anions sites affected by the substitution 
between S and X as well as distortions of the ideal framework (pavonite homologues) 
connected with these phenomena. In addition, the variation in the bonding scheme of Bi as a 
consequence of substitution processes will be examined. The present work is focused on the 
syntheses and structural characterizations of new quaternary silver bismuth sulpho- and 
seleno-halogenides in the systems Ag – Bi – Q – X (Q = S, Se; X = Cl, Br). 
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2  Experimental 
 
2.1  Syntheses  
 
2.1.1  Reagents 
 
Except for AgCl (Merck, > 99.4%), AgBr (Merck, 99.7%), Ag2S (Acros, 99.9%) and Bi2S3 
(Alfa Aesar, 99.9 %), which were purchased, all others reagents used in this work were 
freshly synthesized. The bismuth powder (Merck, ≥ 99.0%) used for the synthesis of Bi2Se3 
was first reduced under a flow of H2 at 470 K. The BiCl3 (Merck, 98.8%) used for the 
preparation of BiSCl and BiSeCl was twice sublimated from 520 K to room temperature for 
purification. The selenium powder (Chempur, 99.999%) was used as obtained without further 
treatment. Br2 (Chempur, 99%) was used for the synthesis of BiBr3. Reagents used in the 
syntheses of all compounds described in this document, the purity of the substances as well as 
the manufacturer are listed in table 2.1. 
 
Table 2.1: List of reagents used for the investigations 
 
Substances Company Purity 
Bi2S3 Alfa Aesar 99.9% 
Bi2Se3 Freshly 
synthesized 
– 
AgBr Merck 99.7% 
AgCl Merck > 99.4% 
Ag2S Acros 99.9% 
BiSBr Freshly 
synthesized 
– 
BiSeBr Freshly 
synthesized 
– 
BiSCl Freshly 
synthesized 
– 
BiSeCl Freshly 
synthesized 
– 
BiBr3 Freshly 
synthesized 
– 
BiCl3 Synthesized Twice 
sublimated
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2.1.1.1  Preparation of BiBr3 
 
For the preparation of BiBr3, a special reactor (silica tube, approximately 100 ml) with two 
openings, one for the introduction of reactants and the other for controlling the pressure of 
nitrogen inside the tube, was used. The experiment was carried out under a dry nitrogen 
atmosphere using a dual manifold vacuum line system (Fig. 2.1). The reactor was first heated 
and evacuated to 10–3 Torr to assure that most of the residual impurities that might remain 
inside the tube after the cleaning were removed. The ampoule was then allowed to cool (under 
vacuum) to room temperature. Valve (4) was closed and the nitrogen (gas) was introduced 
into the reactor by opening valve (3). The starting materials were then filled into the reactor 
through the second opening (stopper open) using a long funnel. For this operation it is more 
judicious to first introduce the Bi powder, and then immerse the bottom of the reactor in 
liquid nitrogen for the introduction of Br2. This precaution is very important due to the 
exothermic character of the reaction between Br2 and Bi. Under these conditions any BiBr3 
that is formed during the introduction of Br2 will immediately condense inside the reactor. For 
the synthesis 9.7 g of Bi powder and a slight excess of Br2 (3.5 ml) were used. After the 
introduction of all reactants into the reactor, the stopper was closed and the Dewar containing 
the liquid nitrogen was removed. At this point a second cooling device was applied on the 
external wall of the tube (necessary for condensation of BiBr3 (gas) formed during the pre-
reaction process). The mixture of starting materials was allowed to pre-react by slowly 
heating the external wall of the reactor at a moderate temperature. It was necessary to heat the 
ampoule until the starting mixture was completely melted. Valve (3) (nitrogen) was then 
closed, and the reactor was evacuated to 10–1 Torr to eliminate excess Br2 (gas). Valve (1) 
connected to the reactor was closed, and the reaction was completed by sublimation of the 
product from 620 K to room temperature using a tubular one-zone oven. The air-sensitive 
yellow product obtained was collected under a dry argon atmosphere glove box. The observed 
X-ray powder diffraction diagram was similar to the theoretical pattern calculated from the 
crystal structure (Fig. A1). The BiBr3 synthesized was ground into powder and used for the 
synthesis of BiSBr.  
 
 
 
 
   Experimental 
 
20
 
 
 
Fig. 2.1. Schematic representation of the dual-manifold vacuum line used for the synthesis of 
BiBr3. 
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2.1.1.2  Preparation of Bi2Se3 
 
For the synthesis of Bi2Se3, a stoichiometric mixture of Bi powder (reduced under a flow 
current of H2 at about 470K) and selenium powder (99.999%) in a molar ratio 2:3 was 
thoroughly ground in an agate mortar and introduced into a silica tube which was flame-
sealed under a pressure of 10–3 Torr. The tube was placed in a tubular one-zone oven and 
heated up to 1220 K in 5 hours. This temperature was kept for 1 day and the oven was then 
cooled to 890 K in 12 hours. The ampoule was further annealed at this temperature for 5 days 
and the oven was finally cooled to room temperature in 1 day. The final product was ground 
and the purity was checked by comparing the observed X-ray powder diffraction diagram with 
the powder pattern calculated from the crystal structure (Fig. A2) 
 
 
2.1.1.3  Syntheses of BiQX (Q = S, Se; X = Cl, Br)  
 
For the synthesis of BiSBr a mixture of Bi2S3 and BiBr3 in the molar ratio 1:1 was thoroughly 
ground under a dry argon atmosphere in a glove box and transferred into a silica tube, which 
was flame-sealed under a pressure of 10–3 Torr. The tube was placed into a one zone tubular 
oven, heated to 430 K for 3 days and further heated to 460 K for 1 day. At this point the 
product was homogenized and once more heated at 500 K for 2 days. The ampoule was finally 
allowed to cool to room temperature in 10 hours. The dark-red product obtain was ground and 
used for further reactions.  
Similar procedures were used for the syntheses of BiSeBr, BiSCl and BiSeCl starting 
from equimolar mixtures of Bi2Q3 and BiX3 (Q = S, Se; X = Cl, Br). More details for the 
synthesis of these reagents are given in table 2.2.  
The purity of the synthesized reagents was checked by comparing their observed X-ray 
powder diffraction diagrams with the theoretical powder patterns calculated from their crystal 
structures (Fig. A3 and A4). 
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Table 2.2: Parameters for the syntheses of BiQX 
 
 BiSBr BiSCl BiSeBr BiSeCl 
Starting materials Bi2S3 + BiBr3 Bi2S3 + BiCl3 Bi2Se3 + BiBr3 Bi2Se3 + BiCl3 
Composition  1:1 1:1 1:1 1:1 
Temperature 
program 
(1) RT to 430 K in 2h;  
(2) 430 K for 3 d; 
(3) 430 K to 460 K in 2h; 
(4) 460 K for 1 dh; 
(5) 460 K to 500 K in 2h; 
(6) 500 K for 2 days, followed by 
cooling to RT in 10 h 
(1) RT to 430 K in 2h;  
(2) 430 K for 1d; 
(3) 430 K to 460 K in 2h; 
(4) 460 K for 1 d; 
(5) 460 K to 510 K in 2h; 
(6) 510 K for 3 d, followed by 
cooling to RT in 10 h 
Total mass 20g 20g 20g 20g 
Colour Dark red  Dark red Dark gray Dark gray 
 
 
2.1.2  Quaternary silver bismuth chlacogenide halides 
 
All compounds described in the present document were prepared by solid-state reactions at 
moderated temperatures ranging between 620 K and 780 K. All reactions were carried out 
using a temperature programmable one zone tubular oven (Heraeus). The reactors used for all 
syntheses were silica tubes with approximate dimensions φ = 8 mm and l = 60 mm (φ = 
external diameter, l = length of the tube). The total mass of the mixture of starting materials 
used for each synthesis was about 300 mg. In all cases, preliminary homogenization of the 
starting mixture was performed using an agate mortar. The total reaction time was between 
five and seven days depending on the system and also on the temperature of the reaction.  
 
 
2.1.2.1  Choice of the systems and determination of the temperature range favourable for the 
synthesis. 
 
The investigation of quaternary compounds in the systems Ag – Bi – Q – X presents many 
possibilities. The more evident way would consist of direct combination of elements or the 
combination of elements with binary compounds. The main problem in this first possibility 
resides in the large number of possible binary and ternary compounds that can be obtained as 
by-products. For this reason, we decided to investigate other strategies that may lead to minor 
intermediate undesirable compounds. Our approach would consist of pseudo binary and 
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ternary cuts of the quaternary system Ag – Bi – Q – X. The following possibilities can be 
obtained. AgX – Bi2Q3; Ag2Q – BiQX, AgX – BiQX, AgX – BiQX – Bi2Q3, AgX – Ag2Q – 
Bi2Q3 and Ag2Q – BiQX – Bi2Q3 (Fig. 2.2).  
 
 
Fig. 2.2. Quaternary diagram Ag – Bi – Q – X with possible pseudo binary and ternary cuts. 
 
The simple pseudo binary system AgBr – Bi2S3 was used as the starting point for our 
investigation. In order to search for reference points for the synthesis, a schematic phase 
diagram of the binary system AgBr – Bi2S3 was constructed using the DSC (differential 
scanning calorimetry) curves of ten selected points with the following compositions: 5%, 
10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% of Bi2S3. The DSC analyses were carried 
out between 290 K and 1070 K on a Labsys DSC-12 (Setaram).  
Five reference points corresponding to the compositions 50%, 60%, 70%, 80% and 
90% of Bi2S3 were selected for the synthesis. Each composition was examined at several 
temperatures ranging from 670 K to 920 K. This preliminary work was aimed to search for 
adequate conditions for the synthesis. The following conclusions could be drawn: 
(1)  When the temperature of the reaction is higher than 670 K, a mixture of phases that 
were characterized as AgBi3S5, AgBiS2, BiSBr and (Bi2S3)9BiBr3 was generally obtained. 
Crystals of AgBi3S5 and AgBiS2 were found at the bottom of the ampoules (hot part) while 
crystals of BiSBr and (Bi2S3)9BiBr3 were formed at the top (cold part). This segregation of the 
reaction products is probably due to the temperature gradient inside the ampoule.  
(2)  For reactions with temperature between 670 K and 720 K, the decomposition of the 
reaction product was also observed but single crystals with the quaternary composition were 
also found at the hot part (bottom) of the ampoule. The analysis of some crystals by the mean 
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of X-ray single crystal diffraction reveals that these phases unfortunately does not belong to 
the pseudo binary AgBr – Bi2S3 system. According to their structural formulae it was found 
that the compounds could be well represented in the pseudo-ternary systems AgBr – BiSBr – 
Bi2S3 or AgBr – Ag2S – Bi2S3. 
In the view of these observations our synthetic investigations were focused on the 
three systems AgX – Bi2Q3, AgX – BiQX – Bi2Q3 and AgX – Ag2Q – Bi2Q3 and the 
temperatures for the reactions were kept under 780 K. 
 
 
2.1.2.2  Syntheses of quaternary silver bismuth chalcogenide halides: method and procedures 
 
As mentioned above, it is not trivial to prepare quaternary compounds in the system Ag – Bi – 
Q – X. The main difficulty resides in the facility of separation of the starting materials. A 
small temperature gradient inside the ampoule generally yields to the segregation of the 
starting mixture, the silver containing component being in the hot part of the ampoule while 
the halogen rich component moves to the cold part.  
In order to minimize this undesirable effect the following precautions have been used. 
(1)  The temperature range for the synthesis was kept between 620 K and 780 K depending 
on the composition of the starting mixture, 
(2)  The total mass of the starting mixture was reduced to 300 mg, 
(3)  The mixture of starting materials was thoroughly ground in an agate mortar before the 
introduction into the silica tube, 
(4) Small tubes with approximate dimensions diameter = 8 mm and length = 60 mm were 
used for the syntheses, 
(5)  An additional silico-aluminous tube was used for the isolation of the ampoule in order 
to assure a relatively uniform temperature inside the ampoule during the reaction, 
(6)  The system ampoule and silico-aluminous tube was then placed inside a temperature 
programmable tubular oven. The position of the ampoule inside the oven was so that 
the top of the ampoule is almost at the centre of the oven (high temperature region) 
while the bottom (where the starting mixture is located) is at the lower temperature 
region (Fig. 2.3). Under this condition, the separation of the starting mixture due to the 
temperature gradient will at least be limited, and 
(7)  The ampoule inside the oven was inclined for about 30° in order to maintain the 
mixture at the same region. 
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Fig. 2.3. Schematic representation of the procedure for the synthesis of quaternary silver 
bismuth chalcogenide halides. 
 
For the synthesis of numerous members of the homologous series  
Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) the composition of the starting mixture was 
calculated using the equations Eq.2.1 or Eq.2.2.  
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These equations were established using the concept of phase homology observed between 
various members of the series. More information on the determination of these equations as 
well as the definitions of the parameters x and N will be provided in section 3.8.  
Various compounds obtained in these systems are air stable and present almost the same 
colour (black) and shape (plate – like) of crystals (Fig. 2.4).  
 
 
Fig. 2.4. Outcome of the reaction for the synthesis of AgBiSCl2. 
 
Additional details on the synthesis of individual compound presented in this document 
will be provided in the section results and discussions. 
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2.2  Characterization 
 
2.2.1  X-ray diffraction 
 
The X-ray diffraction technique was the principal method used for the characterization of all 
compounds described in the present document. The quality of single crystals of the 
synthesized compounds was so that the determination of their structure using the X-ray single 
crystal diffraction technique was possible.  
The X-ray powder diffraction method was generally used for phase analysis and also to check 
the purity of the synthesized compounds and reagents. The goodness of the crystal solutions 
in some cases were checked by comparing the observed powder diffraction diagram with the 
theoretical pattern calculated from the crystal structure. 
 
2.2.1.1 X-ray powder diffraction 
 
The phase analysis of our reaction products as well as the determination of the purity of the 
synthesized reagents were performed using X-ray powder diffraction. Powder of the analysed 
sample was placed on a flat sample holder using a zero scatter foils (for air stable substances) 
or was introduced into glass capillaries (for air sensitive substances) for the examination. 
The experiments were performed on a focussing beam transmission STOE STADI-P 
diffractometer using a curved Ge(111) monochromatized Cu(Kα1) radiation (λ = 1.540598 Å). 
Reflections intensities were obtained using 40 kV tube voltage and 30 mA tube current. 
Linear PSD detector with moving ω was used for the collection of reflections. The 
experimental 2θ range, the step and the irradiation time (in sec) used change according to 
utility of the measurement and on the diffraction quality of the sample under investigation. 
The recorded powder patterns were analyzed using the STOE WinXpow software package 
[P1]. 
 
2.2.1.2 Single crystals X-ray diffraction  
 
The crystal structures of all compounds described in the present document have been 
determined by single crystal X-ray diffraction methods. The diffraction quality, the rough 
lattice parameters and the Laue symmetry of all crystals we have investigated were first 
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determined by the precession technique using the Buerger precession camera [122]. The 
collection of intensity data used for the structure determination have been done using different 
types of single crystal diffractometers. These include, the four circle single crystal 
diffractometer CAD4 (Enraf-Nonius , Delft, The Netherlands), the IPDS-I (Imaging Plate 
Diffraction System-first version; Stoe Darmstadt, Germany), and the CCD diffractometer 
(Rigaku Mercury). 
 
Buerger precession technique 
 
Single crystals of the compound under investigation suitable for the X-ray structure 
determination were selected from the reaction products and mounted on glass fibres. The 
crystal was then fixed on the precession camera using a goniometer head. The alignment of 
the crystal was performed using an unfiltered Mo radiation with the precession angle µ = 10°. 
The examination of the orientation photograph gives information on the singularity of the 
crystal and also on the diffraction quality. The zero level precession photograph was recorded 
using a zirconium filtered Mo radiation with the precession angle µ = 30° and the precession 
camera level screen R = 20 mm. The screen to crystal distances S was 34.6 mm. Similar 
parameters used for the collection of higher-level precession photographs were calculated 
using the formula  
S = R·ctg cos–1[cosµ – nd*]                     (2.1) 
where n represents the order number of the level and d* is the perpendicular distance (in 
reciprocal units) between the zero and the first level [123]. There are usually several possible 
combinations of R and µ.. 
The corresponding displacement of the film towards the crystal (D) was calculated using the 
formula D = F·nd*,           (2.2) 
where F represents the magnification factor of the camera in use and is equal to 60 mm.  
The analysis of the photographs allows the determination of the rough cell parameters and the 
Laue symmetry of the crystal. The reciprocal lattice parameters a*, b* and c* were first 
calculated using the formula ∗ =
⋅ ⋅ ⋅d F
∆
2 λ n
.       (2.3) 
Where ∆ is the distances between two corresponding reflections, n is the order number of the 
reflections under consideration and λ is the wavelength of the radiation used.  
The reciprocal lattice parameters were then converted into direct lattice parameters using the 
relations for the monoclinic system: 
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a = 1/a*·sinβ*           (2.4) 
b = 1/b*            (2.5) 
c = 1/c*·sinβ*           (2.6) 
β = 180 – β*            (2.7) 
 
Four-circle diffractometer CAD4  
 
For the collection of intensity data necessary for the structure determination, the single crystal 
mounted in a goniometer head was attached about the φ axis of the diffractometer. The crystal 
was then aligned at the intersection of various axes using a microscope mounted on the 
diffractometer and by making translational adjustments until its apparent centre did not move 
as φ and χ were changed. After the crystal had been centred, a set of reference reflections was 
collected for the centring of the crystal on the diffractometer, the measurement of the setting 
angles and the probable cell parameters as well as the orientation matrix required to collect a 
data set. The scan parameters (scan mode, scan speed, etc…) for the collection of intensity 
data were determined and a subset of reflections for periodical check of the orientation of the 
crystal was selected. This process yielded a rough orientation matrix that was used to calculate 
approximate settings for a more systematic selection of reflections to be used for obtaining 
refined cell constants. Once a number of reflections have been described in terms of measured 
settings angles, the collection of intensity data was carried out using a graphite 
monochromatized MoKα radiation (λ = 0.71073 Å). After the data collection have been 
completed, appropriate reflections was selected and a set of azimuthal scans (ψ-scans) was 
collected for absorption correction.  
 
Single crystal diffractometer Stoe IPDS-I 
 
The single crystal under investigation was mounted on the goniometer head (sample holder) 
and fixed on the φ-moving axis of the IPDS-I. The crystal was then centred using a video 
camera mounted on the diffractometer and by making translational adjustments until its 
apparent centre did not move as φ was changed. A set of 20 images covering a 40° angular 
range were then recorded with a rotation φ mode using a graphite monochromatized MoKα 
radiation (λ = 0.71073 Å). The images were used for the determination of the rough lattice 
parameters, the orientation matrix and also to calculate other relevant parameters (∆φ 
increment, irradiation time per image, crystal to image plate distance) necessary for the 
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collection of intensity data. After these parameters have been determined the collection of 
intensity data was carried out with the φ oscillation mode using the program EXPOSE [P2]. 
The images recorded were then indexed and the intensity data were integrated using the 
program INTEGRATE [P3]. The total set of reflections were used for the finally refinement 
of the lattice parameters. The description of the crystal shape was performed using a video 
camera and the program FACEIT [P4]. A set of equivalent reflections was then selected for 
the numerical absorption correction [P5]. Prior to the absorption correction the crystal 
description was optimised using sets of equivalent reflections and the program X-shape [P6]. 
 
CCD diffractometer Rigaku Mercury 
 
Single crystal data were collected at room temperature using a graphite monochromatized 
MoKα radiation (λ = 0.71073 Å) on a Rigaku AFC7 four circle diffractometer with an area 
sensitive Mercury CCD detector. The data collection was performed using both φ-scans (χ = 
0°, angular interval of 270°) and ω-scans (χ = −90°, angular interval of 60°) with an 
oscillation step of 0.6° and exposure times of 40 to 80 s per image. The crystal to detector 
distance was approximately 40 mm with a 2θ -offset of the detector of –15°. Routinely multi-
scan absorption corrections were performed. In some cases they were combined with 
numerical absorption corrections based on the description of the crystal shape. The data were 
corrected for Lorentz and polarization effects.  
Specific parameters for the collection of intensity data for individual compound will be 
provided in the section results and discussions. 
 
Data reduction  
 
The integrated intensity data obtained from the single crystal diffractometers constitute a raw 
material from which crystal structures are derived. It is thus necessary to transform these 
intensities to a correct more generally usable form. The most important quantity derived from 
the intensities is the structure factor modulus (structure amplitude), │Fhkl│. This is related to 
the experimentally observed intensities by the equation │Fhkl│ = (KIhkl/Lp)1/2,   (2.8) 
where  
Ihkl is the intensity of a given hkl reflection, 
K is the correction factor, which depends on crystal size, beam intensity and a number of 
fundamental constants, 
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L is the polarization factor and depends on the precise measurement technique used. 
It is given by the equation L = 1/sin2θ        (2.9) 
p represents the polarization factor and is calculated by the equation  
P = (1+cos22θ)/2           (2.10) 
Fhkl is the structure factor. 
The above transformation of the Ihkl to Fhkl includes the correction from the X-ray background 
intensity and the Lorentz and polarization factors. This operation is known as data reduction. 
 
Absorption correction 
 
The X-ray beam going through a crystal is suggested to different physical processes such as 
elastic (Rayleigh-) and inelastic (Compton-) effects that reduce its intensity. This absorption 
effect can be calculated by the equation  
A = Io/I = e–µx,                      (2.11) 
where  
I represents the intensity of the transmitted reflection (after going through the absorbing 
crystal), 
x is the distance covered by the X-ray beam while going through the absorbing crystal, 
µ is the linear absorption coefficient of the crystal. 
The linear absorption coefficient µ gives the factor at which the intensity of a given reflection 
is reduced when it covers a distance x through the crystal. 
The absorption correction can be carried out either empirically using ψ-scans or numerically 
(after optimization of crystal descriptions using ψ-scans or equivalent reflections). For almost 
all compounds discussed here, the absorption correction was carried out numerically. 
According to the observed reflection conditions, the Laue group was determined and 
symmetry equivalent reflections are merged.  
The quality of the data set is given by the internal residual values Rint and Rσ 
These parameters are calculated by the formulae  
intR F F F= −∑ ∑o o mean o2 2 2( ) /                     (2.12) 
σ σR F F= ∑ ∑( ) /o o2 2                      (2.13) 
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2.2.1.3 Structure determination 
 
Structure solution 
 
In order to determine the positions of atoms in the unit cell, a solution of the so-called phase 
problem must be found. In fact there is a direct relationship between the structure factors and 
the distribution of the electron density in the unit cell. If the structure factors and phases are 
known, the electron density distribution of the unit cell can be calculated; if the electron 
density is known, structure factors can be obtained. But the fundamental difficulty is that the 
crystallographically available data consist only of the structure factor magnitudes and not their 
phases (Eq. (2.8)). This constitutes the source of the phase problem. Currently, there are two 
standard mathematical procedures commonly used to solve the phase problem, the Patterson 
method and the direct methods. Both methods result in the calculation of the electron density 
function using the Fourier synthesis.  
XYZ
i X Y Z
V e
ρ π= ∑ ⋅ − + +
1 2
hkl
hkl
h k lF ( )                    (2.14) 
where  
X, Y, Z are the coordinates of each point in the unit cell, 
V is the unit cell volume, 
Fhkl is the structure factor related to the atomic positions by the equation  
hklF f h k l= ∑ + +
=
j
j
n
j j ji x y z
1
2exp[ ( )]π                   (2.15) 
xj, yj, zj are the coordinates of the j-th atom, 
fj is the atom scattering factor of the j-th atom. 
The maxima of the electron density function correspond to the atomic positions.  
The structures of all compounds presented in this document have been solved by the direct 
methods in the program SHELXS-97 [P7]. 
 
Structure refinement 
 
The starting atomic positions obtained by the direct methods have to be refined in order to 
obtain more precise distribution of the atoms in the unit cell. This operation is essential since 
in the starting model, only the positions of heavy atoms are generally assigned with great 
accuracy; the positions of light atoms are generally derived from the difference Fourier 
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synthesis during the refinement. The positions, the thermal parameters and the occupation 
factor derived for each atom are adjusted to improve the agreement between the observed 
structure amplitudes, 
ohklF , and those calculated from the structure model chklF . The 
quality of the structure refinement is defined by the residual values R1, wR2, and the Goodness 
of Fit (GooF). 
These parameters are given by the equations 
1R
F F
F
=
−∑
∑
o c
o
,                   (2.16) 
 
 
2
2
2
2 2
wR
w F F
w F
= −
∑
∑
( )
( )
o c
o
,                    (2.17) 
 
GooF o c
n p
= −
∑
−
w F F
22 2( ) ,                    (2.18) 
where  
n is the number of reflections, 
p is the number of refined parameters, 
w = 1/[σ(Fo2)2 + (m·p)2 + n·p] with p = [max(Fo2, 0) + 2Fc2]/3 is the weighting parameter, 
usually based on the counting statistics of the intensities Ihkl. σ is the standard deviation. 
The refinement of the structure of all compounds described here was done by the full matrix 
least square technique using the program SHELXL-97 [P7].  
 
Calculation of bond valence sum  
 
The concept of bond valence has found wide applicability in solid-state chemistry. The main 
advantage of the approach is that to a satisfactory approximation, the bond length is the 
unique function of bond valence and it therefore provides a powerful method for the 
interpretation of bond lengths in the crystals. The valence, νij of a bond between two atoms i 
and j is defined so that the sum of all the valences from a given atom i with valence Vi obeys 
∑jνij = Vi                      (2.19) 
The variation of the length dij of a bond with valence is given by the empirical expression  
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νij = exp[(Rij – dij)/b]                    (2.20) 
 
where 
dij is the observed bond distance between atoms i and j, 
Rij represents the bond valence parameter for the couple of atoms i and j, 
b is commonly taken to be a universal constant equal to 0.37 Å. 
In the present work, this concept was applied in some situations in order to differentiate 
between atoms with almost identical scattering power such as S and Cl or Se and Br. 
The bond valence parameters used for the calculation were those recently devised by Brese 
and O’Keeffe [124]. 
 
 
Analysis of the coordination polyhedra 
 
In order to measure the degree of distortion of cations polyhedra and to understand the close 
relationship between various structures, a least-square fit sphere is circumscribed to them. The 
centroïd of the circumscribed sphere, the radius (rs) of the sphere and the distance (∆) between 
the centroïd and the central atom are determined. The centroïd corresponds to the point in the 
coordination polyhedra having the minimum variation of distances to the vertices [125]. 
These parameters as well as the volume Vp of the observed polyhedron are calculated using 
the computer program IVTON [P8]. The volume of the sphere Vs as well as the volume Vi of 
an ideal polyhedron with the same coordination number that can be inscribed in the same 
sphere are calculated.  
The degree of distortion of a given coordination polyhedron is measured by the three 
distortion parameters ν, Eccv and Sphv.  
The volume distortion (ν) is defined as the volume discrepancy between a coordination 
polyhedron and the corresponding ideal one and is obtained by the expression 
ν(%) =
−
×
v v
v
i p
i
100                     (2.21) 
The volume distortions are calculated using the ideal polyhedron with maximum volume 
[126]. In the present work, the ideal polyhedra used are regular octahedron for c.n. = 6 (Vs/Vi 
= π); pentagonal bipyramid for c.n. = 7 (Vs/Vi = 2.6427); square antiprism with maximum 
volume for c.n. = 8 (Vs/Vi = 2.3906) and tricapped prisms with maximum volume for c.n. = 9 
(Vs/Vi = 2.0496). 
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The eccentricity (Eccv) characterizes the displacement of the central atom from the centroïd of 
the coordination polyhedron and is defined as  
Eccv = 1 –[(rs – ∆)/rs]3                    (2.22) 
The sphericity (Sphv) expresses the best fit of the ligands to the circumscribed sphere and is 
given by the expression  
Sph
rv
r
s
s= −1
3.σ
                     (2.23) 
σrs is the standard deviation on the radius of the sphere. 
These parameters characterize various aspects of irregularity in the coordination polyhedron. 
In the present work these parameters are used to quantify: 
(a)  the deviations of the coordination polyhedra from ideal shapes,  
(b)  the degree of isotypy by comparison of distortion characteristics of analogous 
polyhedra in the structures of one isotypic family. 
 
 
2.2.2  Energy dispersive X-ray spectroscopy (EDXS) 
 
The chemical compositions of our samples were checked using the EDX analysis on single 
crystals. Single crystals used for the EDX analysis were first checked on the Buerger 
precession camera for the identification (lattice parameters and possible space groups were 
determined and were compared to those of the known compounds available in the literature). 
These crystals were later cut in different parts and then placed on the sample holder for the 
analysis. The experiments were performed on a digital raster electron microscope LEO 982 
(LEO Elektronenmikroskopie GmbH, Oberkochen, Germany). Data were acquired using an 
accelerating voltage of 20 kV and a 1 min accumulation time. The semi-quantitative analysis 
of the spectrum was performed with the program Analyse Voyager [P9].  
 
 
2.2.3 Thermal analysis 
 
Thermal investigations were accomplished with the differential scanning calorimetry (DSC). 
On one hand products are examined, in order to receive information about the thermal 
stability (decomposition, phase transformation, congruent or incongruent melting), and on the 
other hand thermal effects can be observed from mixtures of starting materials. These effects 
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can be used to draw a schematic phase diagram of the system in order to determine some 
reference points for the syntheses. For both cases about 20-30 mg of substance were 
introduced into a small silica ampoule (ø = 4 mm), which was flame-sealed under a pressure 
of 10–3 Torr. An equivalent mass of Al2O3 was flame-sealed in a similar silica ampoule and 
used as a reference. For the measurements a Labsys DSC-12 (Setaram) equipment was used. 
The substances were heated together with the reference at 10 K/min up to 1070 K and cooled 
down to ambient temperature.  
The accuracy of the temperature specifications is within ± 2 K. Irregularities in the 
measurement are particularly due to inhomogeneous substance distributions in the ampoules 
and also by not ideal heat transfer of the silica ampoule on the thermocouples. The 
transferability of the results from the solid-state reactions to the actual attempts is not 
completely possible, but at least reference points for synthesis planning can be won by 
thermal analysis. 
 
 
2.2.4  Electrical Resistivity  
 
The ac electrical resistivity was of AgBiSCl2 was measured in the temperature range from 5 to 
300 K using single crystals with approximate dimensions 0.4 × 0.1 × 0.1 mm3. The crystal 
was mounted in a four-probe geometry with 60 and 25 µm gold wires used for the current and 
voltage electrodes respectively. Resistivity data were obtained with the computer-automated 
system. Similar procedure was used for the measurement of the ac electrical resistivity of 
Ag6.98Bi7.02S10.04Br7.96. 
The electrical band gaps (Eg) were calculated from the resistivity measurements using 
the formula 1/ρ ∼  exp{–Eg/2kbT}         (2.24) 
where ρ is the resistivity at a given temperature T and kb = 1.387·10–23 J. K–1 is the Boltzmann 
constant  
 
2.2.5  Band structure calculation 
 
The electronic band structures and the density of states (DOS) for AgBi2S2Cl3, AgBiSCl2 
were performed using the relativistic density function theory (DFT) with the program 
WIEN97 [P10]. For the hypothetical end members of the solid-solutions Ag4xBi8–4xS12–8xBr8x, 
N = 1 (Ag2Bi6S8Br4 (x = 1/2), Ag4Bi4S4Br8 (x = 1)) and Ag6xBi10-6xS16–12xCl12x–2, N = 2 
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(Ag6Bi4S4Cl10 (x = 1)) the electronic band structures and the density of states (DOS) was 
obtained using the scalar relativistic all-electron LDA (local density approximation) with the 
program LMTO-ASA [P11]. 
 
2.2.6 General remarks 
 
The graphic drawings of the crystal structures were made with the program Diamond [P12] 
using the ellipsoid representation (95% probability level) for all atoms. In the structures of 
various members of the homologous series Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1), all 
atoms are located on the mirror plane at y = 0 (except AgBiSCl2). The same origin was used 
in these structures in order to emphasize the closed structural relationship between them.  
In all figures the same colour was used for atoms of the same type (black: Bi; dark-gray: 
M(Ag/Bi); medium-gray: Ag; light-gray: Q; dirty-white: Z(Q/X); white: X). 
The equivalent isotropic displacement parameters Ueq is defined as one-third of the trace of 
the orthogonalized Uij tensor. 
Ueq = 
1
3
(U11a*2a2 + …. + U23b*c*bc·cosα)       (2.25) 
The general temperature factor takes the form  
exp(–2π[U11h2a*2 + U22k2b*2 + U33l2c*2 + 2U12hka*b* + 2U13hla*c* + 2U23klb*c*])     (2.26) 
for anisotropic temperature factor Uij. 
For the extinction correction, an extinction parameter x is defined, where Fc is multiplied by:  
k[1 + 0.001 x Fc2 λ3/sin(2θ)]–1/4         (2.27) 
where k is the overall scale factor. 
For the graphic representation of the figures of powder diffractions and electrical 
conductivity, the program Origin [P13] was used. 
All inter-atomic distances in the text and tables are in picometer (pm); all angles are in 
degrees (°). Tables and figures designated by A are listed in appendix. 
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3  Results and discussion 
 
The present chapter is subdivided into twelve sections (3.1 to 3.12). The seven first sections 
(3.1 to 3.7) consist of synthesis, crystal structure determination, description and discussion of 
structures of new members of the homologous series  
Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) (Q = S, Se; X = Cl, Br), which are classified 
according to the increasing value of N. In section 3.8, general characteristics of the 
homologous series are provided. In section 3.9, the structure of the ternary compound 
Ag3.5Bi7.5S13 is described. The section 3.10 consists of the description of the structure of the 
series of ternary compounds with the general formula Bi6+δS6+3δCl6–3δ (δ = 0.64 and 0.88). In 
section 3.11, the crystal structure of Ag1.2Bi17.6S23Cl8 and its relation to the structures of 
Bi6+δS6+3δCl6–3δ and Ag6xBi10-6xS16–12xCl12x–2, the N = 2 homologue of the above mentioned 
general series are presented. In the last section, we describe the crystal structure of 
AgBi4Se5Br3. 
 
 
3.1  Synthesis, crystal structure, thermal analysis and electronic structure 
of AgBi2S2Cl3 (1) 
 
3.1.1  Synthesis 
 
AgBi2S2Cl3 (1) was synthesized by solid-state reaction according to Eq. 2.1 with N = 1, x = 1. 
A mixture of AgCl and BiSCl in the molar ratio 1:2 was thoroughly ground and loaded into a 
silica tube, which was flame-sealed under a pressure of 10–2 Torr. The tube was placed in a 
tubular oven, heated to 720 K for five days and then rapidly cooled to room temperature. 
Well-formed black plate-like crystals of AgBi2S2Cl3 with dimensions up to 0.5 × 0.25 × 0.05 
mm3, were found in the polycrystalline mixture of the product. Crystals of AgBi2S2Cl3 were 
found to be stable in air and can be kept for a very long time (at least more than a year) 
without any sign of decomposition. 
It was later possible to synthesize AgBi2S2Cl3 with about 95% purity by annealing a 
stoichoimetric mixture of starting materials at 650 K for five days. AgBi2S2Cl3 melts 
incongruently at about 650 K (LABSYS DSC 12, Netzch). Additional details on the synthesis 
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of AgBi2S2Cl3 are given in table 3.1.1. The experimental powder diagram was found to be 
similar to the theoretical pattern calculated from the crystal structure (Fig. 3.1.1).  
 
Table 3.1.1: Parameters for the synthesis of AgBi2S2Cl3 
 
Starting materials AgCl + BiSCl 
Composition  1:2 
Temperature program (1) RT to 570 K in 12 h; 
(3) 570 K to 650 K in 5 h; 
(4) 650 K for 5 days followed by rapid cooling to 
RT 
Total mass 500 mg 
Colour; shape  Black; plate –like needle 
 
RT = room temperature 
 
 
Fig. 3.1.1. Comparison of the X-ray powder diagram of AgBi2S2Cl3 with the theoretical 
pattern calculated from the crystal structure (λ = 1.540598 Å). 
 
 
3.1.2  Crystallography 
 
Precession photographs 
 
Several single crystals of AgBi2S2Cl3 suitable for X-ray investigation were selected and 
mounted on the tips of glass fibres. The diffraction quality, symmetry of the crystal and rough 
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lattice parameters were assessed by recording the zero and first level photographs as described 
in the experimental part. The analysis of the photographs suggested C2, Cm and C2/m as 
possible space groups. 
 
Collection of intensity data and structure determination 
 
A single crystal of (1) with dimensions 0.35 × 0.21 × 0.03 mm3 was used for the structure 
determination. Intensity data were collected at room temperature on a STOE IPDS-I as 
described in (section 2.2.1.2). The structure was solved in the centrosymmetric space group 
C2/m using the direct methods and refined by the least squares full matrix technique. Two 
crystallographically independent metal positions, M(1) and M(2), and three anion positions, 
Z(1), Z(2) and Z(3), were located. The M(1) and M(2) sites were easily assigned to Bi and Ag, 
respectively. The sulphide and chloride anions, due to their common electronic structure, 
present almost the same X-ray scattering factors and therefore could not be directly 
differentiated by the difference Fourier synthesis. The assignment of S and Cl positions was 
done by means of calculation of the bond valence sums using the procedure described in 
(section 2.2.1.2). The calculated and expected values are compared in table 3.1.2. 
 
Table 3.1.2: Bond valence sums in AgBi2S2Cl3  
 
Atom Expected Calculated
Bi(a/b) 3 2.97 
Ag 1 1.15 
Z(1) = Cl(1) 1 1.04 
Z(2) = S 2 2.03 
Z(3) = Cl(2) 1 1.12 
 
 
From this calculation, Z(2) was assigned to S while Z(1) and Z(3) were determined to 
correspond to Cl atoms. The structure was refined to a residual value R1 of about 10% using 
this model. This value dropped to about 5% after absorption correction and inclusion of 
anisotropic displacement parameters for all atoms in the structure. At this stage the difference 
electron density around Bi was very high (+7.3 and –5.04 e/106 pm3). In another hand a 
highly elongated ellipsoid (0.035 × 0.010 × 0.010) was observed for the Bi atom, as well. This 
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position was split into two close positions, Bi(a) and Bi(b). The sum of both occupations 
equal 1 atom and the occupation factor of each site was refined. Bi(a) and Bi(b) were 
constrained to have the same displacement parameters. The refinement of this model yielded a 
more acceptable shape for the Bi atom.  
Selected crystallographic data and the results of the refinement are given in table 3.1.3; 
fractional atomic coordinates and isotropic temperature factors are listed in table 3.1.4. The 
connectivity between cations and anions in the structure are indicated in table 3.1.5. Inter-
atomic distances are given in table 3.1.6. Additional information on the collection of intensity 
data and the structure determination are given in table A1. The anisotropic thermal parameters 
and selected bonds angles are gathered in tables A2 and A3. 
 
Table 3.1.3: Selected crystallographic data for AgBi2S2Cl3 
 
Formula AgBi2S2Cl3 
Crystal system monoclinic 
Space group C2/m (No. 12) 
a (pm) 1257.3(3) 
b (pm) 400.0(1) 
c (pm) 804.1(2) 
β (°) 111.0(1) 
V (106 pm3) 377.6(2) 
Z 2 
Temperature (K) 295(1) 
Rint 0.066 
R1(Fo > 4σ(Fo))  0.035 
wR2 (all)  0.093 
GooF 1.050 
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Table 3.1.4: Atomic coordinates, equivalent isotropic displacement parameters Ueq (pm2) and 
occupancies for all atoms in the asymmetric unit of AgBi2S2Cl3. Standard deviations 
corresponding to the last digit are indicated in brackets. All atoms are at y = 0 
 
Atom Wyck. s.o.f x z Ueq 
Bi(a) 4i 0.96(1) 0.3036(1) 0.3180(2) 191(3) 
Bi(b) 4i 0.04(1) 0.2920(1) 0.2550(4) 191(3) 
Ag 2b 1 0.5 0 294(4) 
Cl(1) 2c 1 0 1/2 219(7) 
Cl(2) 4i 1 0.1347(2) 0.9484(3) 179(5) 
S 4i 1 0.3358(2) 0.6758(3) 130(5) 
 
 
Structure description and discussion 
 
 
 
Fig. 3.1.2. The crystal structure of AgBi2S2Cl3 with atom labeling projected along [010]. 
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Table 3.1.5: Connectivity of atoms in the structure of AgBi2S2Cl3 
 
Atom Cl(1) Cl(2) S CN 
Bi(a/b) 2/4 3/3 3/3 8 
Ag 0/0 4/2 2/1 6 
CN 4 5 4  
 
 
The crystal structure of AgBi2S2Cl3 (1) is shown in figure 3.1.2, and the connectivity 
between cations and anions as well as their coordination numbers are listed in table 3.1.5. 
AgBi2S2Cl3 crystallizes in the monoclinic space group C2/m and adopts the InBi2S4X (X = Cl, 
Br) [119] structure-type. 
The Ag atom is situated in a flattened octahedral environment of two S atoms and four 
Cl atoms (Fig. 3.1.3). The two S atoms are located in trans position and form two short bonds 
of 268.4(6) pm. The Cl atoms are in the equatorial plane and form four more elongated bonds 
of 274.7(7) pm with the central Ag atom. The observed bond distances are in agreement with 
the sum of the effective ionic radii of Ag (115 pm) and S(170 pm) and Ag and Cl (167 pm) 
[127]. This arrangement of S and Cl around the Ag atom yields to an octahedral environment 
distorted towards [2+4] linear coordination. A similar type of coordination is generally found 
for AgI atoms in the structures of Ag containing sulphides. Some typical examples include 
AgBi3S5 [75], Ag3Bi7S12 [82] and Ag2Bi2S3Cl2 [120]. 
The Bi atom in the structure is surrounded by three S atoms and five Cl atoms (Fig. 
3.1.3). The coordination polyhedron can be described as a bicapped trigonal prism where four 
chlorine and two sulphur atoms form the trigonal prism with the two S2Cl2 rectangular faces 
capped by additional S and Cl atoms that belong to neighbouring prisms. The central Bi atom 
is shifted from the centroïd of the coordination polyhedron towards the S – S edge of the 
trigonal prism. The four Cl atoms of the opposite rectangular (Cl(2ii), Cl(2iii), Cl(1iv) and 
Cl(1v)) face consequently form elongated bonds of distances between 293.4(3) and 332.2(5) 
pm with the central atom. The two remaining S atoms of the trigonal prism (Sii and Siii) are 
closer to the central atom with bond lengths between 267.1(2) and 274.4(2) pm. The 
additional Cl(2i) atom capping one face of the prism forms at 254.9(6) pm the shortest bond 
with the central atom, while the S atom capping the second face is situated at 322.7(4) pm 
from the central atom. The splitting of the Bi position observed from the refinement may be 
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connected to a small statistic distribution of S and Cl over the anion positions that form its 
coordination.  
The S atom is located in a distorted tetrahedral coordination environment of three Bi 
atoms and one Ag atom. Cl(1) displays a distorted square coordination by four Bi atoms, 
while Cl(2) exhibits a square pyramidal coordination by two Ag and three Bi atoms (Fig. 
3.1.3). 
 
Table 3.1.6: Selected inter-atomic distances (pm) in AgBi2S2Cl3 
Standard deviations corresponding to the last digit are indicated in brackets. 
Operators for generating equivalent atoms: (i) x, y, z–1; (ii) 1/2–x, –1/2–y, 1–z;  
(iii) 1/2–x, 1/2–y, 1–z; (iv) 1/2+x, 1/2+y, z; (v) 1/2+x, y–1/2, z; (vi) 1–x, –y, 1–z;  
(vii) 1/2+x, 1/2+y, z–1; (viii) 1/2+x, y–1/2, z–1 
 
Bi(a) — S(ii, iii) 267.1(2) Bi(b) — Cl(2i) 254.9(6) 
Bi(a) — S 275.8(2) Bi(b) — S(ii, iii) 274.4(2) 
Bi(a) — Cl(2i) 297.0(6) Bi(b) — Cl(2ii, 2iii) 293.4(3) 
Bi(a) — Cl(1iv, 1v) 310.7(4) Bi(b) — S 322.7(4) 
Bi(a) — Cl(2ii, 2iii) 322.2(2) Bi(b) — Cl(1iv, 1v) 332.2(5) 
    
Ag — S(i , vi) 268.4(6)   
Ag — Cl(2ii, 2iii, 2vii, 2viii) 274.7(7)   
 
 
In the structure of AgBi2S2Cl3 (1), the bicapped trigonal prisms around Bi join 
common edges along [001] and share their triangular faces along [010] to form double-chains. 
Adjacent double-chains shifted by about a/4 join edges to form corrugated layers parallel to 
(100). Neighbouring layers are stitched by the “Ag-free” Cl atoms of the trigonal prisms to 
form a three-dimensional anionic framework with octahedral voids in which the Ag+ cations 
are found. 
Comparison of the charge-balanced formulations (Ag1+)(Bi3+)2(S2–)2(Cl(2)1–)2(Cl(1)1–) 
and (In3+)(Bi3+)2(S(1)2–)2(S(2)2–)2(X1–), for AgBi2S2Cl3 (1) and InBi2S4X (X = Cl, Br) [119] 
indicates that (1) corresponds to a halogen rich (more substituted) analogue of the 
hypothetical family of isostructural compounds with general formula MBi2Z5 (M = metals; 
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Z = anions, primarily chalcogen or halogen) in which the replacement of one chalcogen atom 
by a halogen is compensated by substitution of a transition-metal ion of lower charge. 
 
 
Fig. 3.1.3. Environments of cations and anions in AgBi2S2Cl3 (Ellipsoids at 95% probability 
level). For bond distances see table 3.1.6 
 
 
Alternatively, the atomic arrangement in (1) can be considered to be similar to that 
found in layer type A of various members of the homologous series  
Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) (Q = S, Se; X = Cl, Br), the general characteristics 
of which will be described in detail in section 3.8. AgBi2S2Cl3 corresponds to the first 
member of the series with, N = 0 and x = 1.  
The structure of (1) can thus be viewed as consisting of only layer type A, which is 
composed of paired bicapped trigonal prisms around Bi atoms (artificial c.n. = 7 for Bi) that 
are separated by octahedrally coordinated Ag atoms. Parallels with the structure of the fully  
(Ag,Bi)-substituted lillianite homologous series (N1,N2L) with (N1, N2) = (1, 0) and the 
pavonite structure family (N = 0) can be seen (Fig. 3.1.4). 
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Fig. 3.1.4. A representation of the structure of AgBi2S2Cl3 showing the close relationship with 
the pavonite structure family (right hand) and the lillianite family (left hand). 
 
3.1.3  Band structure calculation 
 
Relativistic DFT (density function theory) calculations were carried out with the program 
WIEN97 [P11] using the LAPW (linearized augmented plane wave) method. As Muffin tin 
radii 2.4 au was used for Ag and Bi, and 2.2 au was selected for Cl and S. RKMAX and 
GMAX were equal to 8 and 14 au–1 respectively. As functional density, the gradient-corrected 
functional according to Perdew, Bourke and Ernzerhof [128] was used. The Brillouin zone for 
the SCF-cycles was constructed using the tetrahedron method of Bloechl et al. [129] with 32 
independent k-points, which corresponds to a number of 200 k-points in the entire Brillouin 
zone. Calculation of the density of states (DOS) was performed using 288 independent k-
points (2000 k-points in the Brillouin zone). 
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Fig. 3.1.5. Band structure and density of states (DOS) of AgBi2S2Cl3 with “fat-band” 
representation of the Ag-5s state. 
 
The electronic band structure of AgBi2S2Cl3 (1) (Fig. 3.1.5) obtained from the 
relativistic DFT calculations, shows narrow valence bands suggesting large localization of the 
electrons, which is in agreement with the ionic description of the compound. The valence 
band, which includes the states over a range of approximately 5.2 eV directly below the Fermi 
level (EF) is above all Ag-4d, Bi-6p, Cl-3p and S-3p states. The Bi-6s orbital, which is 
energetically strongly lowered by relativistic effects, does not show interference in this range. 
The Ag-5s states lie essentially above the Fermi level. The small density of Ag-5s states in the 
valence bands reflects the phenomenon of 4d10–x5sx occupation, well-known for AgI cations. 
The calculated band gap of about 1.5 eV is consistent with the black colour of AgBi2S2Cl3 (1). 
The compound shows an indirect transition from A to L and a direct transition of similar 
energy at L. 
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3.2  Compounds with composition Ag4xBi8–4xS12–8xX8x (X = Cl, Br), N = 1 
 
3.2.1  Synthesis, crystal structure, thermal analysis, electrical resistivity and 
band structure of AgBiSCl2 = Ag4xBi8–4xS12–8xCl8x (x = 1) (2) 
 
3.2.1.1  Synthesis 
 
For the growth of single crystals used for the determination of the structure of AgBiSCl2 (2), 
an equimolar mixture of AgCl and BiSCl was thoroughly ground and loaded into a silica tube, 
which was then flame-sealed and placed into a one-zone tubular oven. The oven was heated to 
730 K in 48 h. After 3 h, the oven was cooled to 610 K at 5 K/h. The mixture was isothermed 
at this temperature for three days, followed by rapid cooling to room temperature. The 
resultant product was a polycrystalline material containing several millimeter-long black plate 
single crystals of AgBiSCl2.  
For the synthesis of the pure substance used for the physical measurements (electrical 
resistivity, thermal analysis), it was necessary to maintain the temperature of the reaction 
below the melting point of AgCl (457 ° C), in order to avoid the complete melt of the starting 
mixture which may yield several impurities during the solidification process. The strategy in 
the synthesis of pure powder of AgBiSCl2 was to make profitable use of the large difference 
in the melting points (mp) of the starting materials (AgCl, mp ≈ 457 °C; BiSCl, mp ≈ 350 °C). 
During the reaction, only one component (BiSCl) was allowed to melt and the reaction was 
completed by annealing the two phases (liquid and solid) for an extended period, in order to 
favour the diffusion of the melt into the solid matrix. The temperature program is summarized 
in table 3.2.1. The purity of the synthesized compound (at least 95%) was verified by 
comparing the observed X-ray powder diffraction diagram with the theoretical pattern 
calculated from the crystal structure (Fig. 3.2.1). AgBiSCl2 melts incongruently at about 620 
K (LABSYS DSC 12, Netzch). 
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Table 3.2.1: Parameters for the synthesis of AgBiSCl2 
 
Starting materials AgCl + BiSCl 
Composition  1:1 
Temperature 
program 
(1) RT to 570 K in 12h; 
(2) 570 K to 650 K in 5h; 
(3) 650 K for 8 days 
followed by rapid cooling to 
RT 
Total mass 500 mg 
Colour; shape  Black; plate –like needle 
 
 
 
Fig. 3.2.1. Comparison of the X-ray powder diagram of AgBiSCl2 with the theoretical pattern 
calculated from the crystal structure (λ = 1.540598 Å). 
 
 
3.2.1.2 Crystallography 
 
Precession photographs 
 
Several single crystals of (2) were selected and their diffraction quality was checked on a 
Buerger precession camera. Zero and first level photographs revealed the orthorhombic 
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symmetry of the crystals. The observed reflections conditions were hkl with h+k = 2n and h0l 
with l = 2n, suggesting Cmc21, Ama2 and Cmcm as possible space groups.  
 
Collection of intensity data and structure determination 
 
A single crystal of AgBiSCl2 (2) with an approximate dimensions 0.28 × 0.15 × 0.04 mm3  
was used for the data collection. Intensity data used for the structure determination were 
recorded on a STOE IPDS-I diffractometer using graphite monochromatized MoKα radiation.  
The structure was solved in the centrosymmetric space group Cmcm using the direct methods, 
and the refinement was done by the full matrix least squares technique. Two metal positions, 
M(1), M(2), and two non-metal sites, Z(1) and Z(2), were found in the asymmetric unit. The 
assignment of Bi and Ag positions was easily achieved, Bi being at the M(1) site (4c) and Ag 
at the M(2) position (4b). The assignment of the S and Cl positions was first determined by 
considering the electroneutrality of the compounds. The S atom was sited in the Wyckoff 
position 4c while Cl atom was located in the position 8f. This distribution of anions and 
cations over the available positions within the unit cell was later confirmed by calculation of 
the bond valence sums (Table 3.2.2).  
 
 
Table 3.2.2: Bond valence sums in AgBiSCl2 
 
Atom Expected Calculated
Bi 3 2.89 
Ag 1 1.03 
S 2 1.96 
Cl 1 0.90 
 
 
The structure was subsequently refined using this model to an agreement factor R1 of 5%. The 
final refinement after absorption correction and inclusion of a secondary extinction correction 
as well as anisotropic displacement parameters for all atoms yielded the R indices given in  
table 3.2.3. Selected crystallographic data and the results of the refinement are summarized in 
table 3.2.3. Fractional atomic coordinates and isotropic temperature factors are listed in table 
3.2.4. The connectivity between cations and anions in the structure is described in table 3.2.5. 
Inter-atomic distances are given in table 3.2.6. Additional information on the collection of 
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intensity data and the structure determination is given in table A4. The anisotropic thermal 
parameters and selected bonds angles are gathered in tables A5 and A6. 
 
 
Table 3.2.3: Selected crystallographic data for AgBiSCl2 
 
Formula AgBiSCl2 
Crystal system orthorhombic 
Space group Cmcm (No. 63) 
a (pm) 397.1(1) 
b (pm) 1371.2(3) 
c (pm) 882.4(2) 
V (106 pm3) 480.2(2) 
Z 4 
Temperature (K) 297(1) 
Rint 0.049 
R1(Fo > 4σ(Fo))  0.015 
wR2 (all)  0.025 
GooF 1.079 
 
 
Table 3.2.4: Atomic coordinates and equivalent isotropic displacement  
parameters Ueq (pm2) for all atoms in the asymmetric unit of AgBiSCl2. 
Standard deviations corresponding to the last digit are indicated in brackets. 
All atoms are located on the mirror plane at x = 0 
 
Atom Wyck. y z Ueq 
Bi 4c 0.7915(1)  1/4 176(2) 
Ag 4b 1/2 0 448(3) 
Cl 8f 0.1562(1) 0.0621(1) 170(3) 
S 4c 0.4190(1) 1/4 115(4) 
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Structure description and discussion 
 
 
Fig.3.2.2. The crystal structure of AgBiSCl2 with atom labeling, viewed down [100]. 
 
The structural motif associated to AgBiSCl2 (2) is represented in figure 3.2.2. (2) 
crystallizes in the orthorhombic space group Cmcm and adopts PuBr3 [130] or FeUS3 [131] 
structure type. As found in BiSCl [95], the Bi atom in (2) is eight-fold coordinated by sulphur 
and chlorine in the form of a bicapped trigonal prism with composition [BiS2Cl6]. In the 
ternary BiSCl, the composition of the coordination polyhedron is [BiS4Cl4].  
 
Table 3.2.5: Connectivity of atoms in AgBiSCl2 
 
Atoms Cl S CN
Bi 6/3 2/2 8 
Ag 4/2 2/2 6 
CN 5 4  
 
In the [BiS2Cl6] coordination polyhedron, the Bi atom is shifted from the centroïd of the 
trigonal prism toward the S–S edge and consequently forms the shortest bonds of 264.6(1) pm 
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with the S atoms. The four Cl atoms of the uncapped rectangular face of the prism form more 
elongated bonds of 318.3(1) pm with the central atom. The elongation of these bonds might 
be connected with the stereoactivity of the lone electron pair of Bi3+. The two remaining Cl 
atoms that form the two caps of the trigonal prism have medium bond distances of 284.6(2) 
pm with the Bi atom (Fig. 3.2.3). Equivalent sets of [BiS2Cl6] polyhedra share edges along 
[001] and triangular faces along [100] to form corrugated layers parallel to the ac plane.  
 
 
Table 3.2.6: Selected inter-atomic bond distances (pm) in AgBiSCl2. Standard deviations 
corresponding to the last digit are indicated in brackets. Operators for generating equivalent 
atoms: (i) 1/2+x, 1/2+y, z; (ii) x–1/2, 1/2+y, z; (iii) –x, 1–y, 1/2+z; (iv) –x, 1–y, –z;  
(v) x–1/2, 1/2+y, 1/2–z; (vi) 1/2+x, 1/2+y, 1/2–z; (vii) –1/2–x, 1/2–y, –z; (viii) 1/2–x, 1/2–y, –z;  
(ix) x–1/2, y–1/2, z; (x) 1/2+x, y–1/2, z; (xi) x, y, 1/2–z; (xii) 1/2–x, 1/2–y, 1/2+z;  
(xiii) –1/2–x, 1/2–y, 1/2+z. 
 
Bi — (Si, Sii) 264.6(1) Ag — (S, Siv) 247.0(1) 
Bi — (Cliii, Cliv) 284.6(2) Ag — (Cli, Clii, Clvii, Clviii) 297.2(1) 
Bi — (Cli, Clii, Clv, Clvi) 318.3(1)   
 
 
The coordination polyhedron around the Ag can be described as a [2+4] bonding 
interaction (Fig. 3.2.3). The two S atoms form short trans bonds of 247.0(1) pm with the 
central atom, while the Cl atoms in the equatorial plane form four more elongated bonds of 
297.2(1) pm with the Ag atom. This arrangement of S and Cl around the Ag atom yields to 
the distortion of the coordination polyhedron. This kind of distortion that keeps the 4-fold 
rotation symmetry of the ideal octahedron is commonly observed for d10 elements such as 
Cu(I) and Ag(I). This result is also in agreement with the calculation of Burdett et al. [132] 
which shows that a tetragonal contraction is favoured for a d10 configuration.  
[AgS2Cl4] octahedra share edges along [100] and vertices along [001] to form highly 
distorted zig-zag layers. The angle Ag – S – Ag of distortion of the layer is about 126.6°. 
The S atom in the structure is located in a distorted tetrahedral environment of two Ag and 
two Bi atoms, while the Cl atom occupies a square pyramidal coordination environment of 
two Ag and three Bi atoms. In the three-dimensional structure of (2), adjacent corrugated 
layers of bicapped trigonal prisms around Bi are interleaved by zig-zag layers of [AgS2Cl4] 
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octahedra (Fig. 3.2.2). The triangular voids located between the two types of layers are large 
enough to host additional atoms of small size, such as Cu. 
In view of the big size of the octahedral voids between two adjacent layers of bicapped 
trigonal prism and considering the very large thermal parameters observed for the Ag atom at 
this position, the structure of AgBiSCl2 (2) can also be described as consisting of two-
dimensional anionic ∞
2 [BiSCl2]– frameworks which are linked to each other through ionic 
interactions with Ag+ ions residing in the octahedral voids between the layers. 
 
 
Fig. 3.2.3. Environments of cations and anions in AgBiSCl2 (ellipsoids correspond to 95% 
probability level). For bond distances see table 3.2.6 
 
 
According to the results of the refinement the Ag atom exhibits an extraordinarily 
large isotropic thermal parameter (about 2.5 times that of the Bi atom) (Table 3.2.4). This 
suggests that the Ag atom in the structure may undergo “rattling” motion about its 
crystallographic position. This behaviour is common for d10 elements, such as Ag(I) and 
Cu(I), as was also observed in the structures of CuBiSCl2 [133] and AgTaS3 [134]. The reason 
for this rattling motion of the Ag atom could be explained by a second-order Jahn-Teller 
coupling between the filled silver 4d orbitals and the empty 5s orbitals, where the distortion 
from the ideal octahedron retains the 4-fold rotation symmetry [135].  
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The atomic arrangement in the structure of AgBiSCl2 (2) is essentially the same as in 
the isostructural copper analogue CuBiSCl2 [133]. Similar arrangement of the zig-zag layers 
of octahedra with corrugated layers of bicapped trigonal prisms were also reported in many 
others isostructural compounds. These include ٱPuBr3 (ٱ = unoccupied position) [130], 
FeUS3 [131], AgTaS3 [134], ScUS3 [136], PbTlI3 [137], ONiZr3 [138], IrCaO3 [139], CaInBr3 
[140], KTmI3 [141], AlNZr3 [142]. Comparison of the fractional atomic coordinates in these 
compounds reveals that they may all derive from the same basic structure, the PuBr3-type. 
The deviations observed in the lattice parameters and fractional coordinates are the logical 
consequence of the variety of sizes for the elements involved in each compound.  
 
 
Fig. 3.2.4. A representation of the structure of AgBiSCl2, showing the relationship with the 
pavonite structure family (right hand) and the lillianite structure family (left hand). 
 
 
AgBiSCl2 (2), can be considered as a member with N = 1 of the homologous double series 
Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) (Q = S, Se; X = Cl, Br) (3.8) with maximal 
substitution x = 1. The only structural departure from the ideal structure building principle of 
the series is the coordination of Bi atom in the slab denoted A. In the structures of various 
members of the series, the Bi atom is seven-fold coordinated in the form of a monocapped 
trigonal prism. In the structure of (2), the corresponding atom adopts a bicapped trigonal 
prismatic coordination (Fig. 3.2.4). The increase in the coordination number of Bi in (2) is 
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probably due to the transition from the monoclinic space group C2/m commonly adopted by 
various members of the series to the orthorhombic space group Cmcm with the occurrence of 
additional mirror planes perpendicular to [001]. 
As highlighted in figure 3.2.4, AgBiSCl2 (2) presents structural features similar to 
those of the pavonite and the lillianite structure families. In order to point out the relationship 
with the pavonite family, the coordination of the Bi atom was reduced to an artificial 
monocapped trigonal prism as found in the structures of pavonite homologues. 
(2) can therefore be denoted (1P) according to the nomenclature of pavonite homologues [75]. 
A more evident parallel can also be seen with the structure of the lillianite homologous series 
in which each of the two chains (N1 and N2) that twinned on the mirror planes situated at c/4 
and 3c/4 only contains one octahedron. Following the nomenclature of the lillianite 
homologues [143], AgBiSCl2 (2) can be denoted (1,1)L. According to the above analysis, the 
structural motif associated with (2) seems to be the transition point between the lillianite 
(N1,N2L, Cmcm) and the pavonite (NP, C2/m) structural families.  
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3.2.1.3 Electrical resistivity  
 
The electrical resistivity of a single crystal of AgBiSCl2 (2) was performed at several currents 
(1 nA, 2 nA, 10 nA, 20 nA) using the usual four-probe geometry with 60- and 25- µm gold 
wires used for the current and voltage electrodes, respectively. The results are summarized in 
figure 3.2.5. 
 
 
Fig. 3.2.5. Temperature and current dependence of the resistivity of a single crystal sample of 
AgBiSCl2. 
 
As can be seen in the figure, the resistivity of the crystal of (2) is strongly influenced 
by the current. At low temperature, the compound shows very large resistivity for low current 
(I = 1 nA) and increasing the current led to a drastic reduction of the resistivity of the 
compound. However, (2) shows almost the same resistivity at room temperature 
independently of the current. This behaviour may be caused by a change in the conduction 
mechanism with the maintenance of the indirect band transitions at low temperatures with 
higher current.  
The electrical band gap (Eg) was calculated from the logarithmic plot of the resistivity 
(ln(ρ)) as a function of inverse temperature (1/T) for the case I = 1 nA. The value of 1.0 eV 
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obtained is consistent with the black colour of the crystal and is also in agreement with the 
value obtained from the theoretical band structure calculation.  
 
3.2.1.4 Band structure calculation 
 
Relativistic DFT (density function theory) calculations were performed using a procedure 
similar to the one described in section 3.1.3.  
 
Fig. 3.2.6. Band structure and density of states (DOS) of AgBiSCl2 with a “fat-band” 
representation of the Ag-5s states. 
 
The electronic band structure of AgBiSCl2 (2) (Fig. 3.2.6) obtained from relativistic 
DFT calculations shows narrow valence bands suggesting large localization of the electrons 
and is in agreement with the ionic description of the compound as was also found for 
AgBi2S2Cl3 (1). The valence band, which includes the states over a range of approximately 
5.2 eV directly below the Fermi level (EF) is above all Ag-4d, Bi-6p, Cl-3p and S-3p states. 
The Bi-6s orbital, which is energetically strongly lowered by relativistic effects, does not 
show interference into this range. The Ag-5s state lies essentially above the Fermi level. The 
remaining small contribution of Ag-5s states to the valence band reflects the phenomenon of 
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4d10–x5sx occupation well-known for AgI cation. The calculated band gap of about 1.2 eV is 
consistent with the black colour of (2). It is interesting to note that it acts, in this case, as an 
indirect semiconductor with two indirect transitions of only slightly different gaps from Y–
Γ (HOMO) to Γ (LUMO) and T–Γ  to Γ. A direct gap with almost the same energy is located 
at S. 
 
 
3.2.2  Syntheses, and crystal structures of Ag4xBi8–4xS12–8xBr8x with  
x = 0.50 (3), 0.64 (4) and 0.73 (5) 
 
3.2.2.1 Syntheses 
 
Ag4xBi8–4xS12–8xBr8x, (3) (x = 0.50): Single crystals of (3) were obtained from solid-state 
reaction involving Bi2S3, AgBr and BiSBr in the molar ratio 1:1:1. The starting composition 
was calculated using the general chemical equation (Eq. 2.1). A well ground mixture of the 
starting materials was loaded into a silica tube, which was flame-sealed under a pressure of 
10–2 Torr. The tube was heated to 670 K in 2 days, kept at that temperature for 2 days and 
then further heated to 740 K for 15 days. The ampoule was then cooled down to room 
temperature at a rate of 5 K/h.  
 
Ag4xBi8–4xS12–8xBr8x, (4) (x = 0.64): Single crystals of (4) were first obtained from solid-state 
reaction involving equimolar mixture of AgBr and Bi2S3 at 720 K. This phase was later 
synthesized with better yield starting from a composition calculated using the chemical 
equation (Eq. 2.1). The procedure for the synthesis was similar to the one above. The starting 
composition was Bi2S3, AgBr and BiSBr in the molar ratio 13:13:7.  
 
Ag4xBi8–4xS12–8xBr8x, (5) (x = 0.73): The procedure was similar to the ones above. A mixture 
of Bi2S3, AgBr and BiSBr in the molar ratio 3:3:1 was used. In each case, the product 
consisted of agglomerates of black plate-like crystals. All these phases were found to be stable 
in air. More details on the parameters of syntheses are given in table 3.2.7. 
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Table 3.2.7: Parameters for the syntheses of Ag4xBi8–4xS12–8xBr8x 
 
 Ag4xBi8–4xS12–8xBr8x 
(x = 0.50) 
Ag4xBi8–4xS12–8xBr8x 
(x = 0.64 and 0.65) 
Ag4xBi8–4xS12–8xBr8x
(x = 0.73) 
Starting materials AgBr + BiSBr + Bi2S3 
Composition  1:1:1 13:13:7 3:3:1 
Temperature 
program 
(1) RT to 670 K in 2 days; 
(2) 670 K for 2 days; 
(3) 670 K to 740 K in 1 
day; 
(4) 740 K for 15 days 
followed by cooling to RT 
at 5 K/h 
(1) RT to 570 K in 24h;  
(2) 570 K for 2 days; 
(3) 570 K to 720 K in 5h; 
(4) 720 K for 3 days followed by cooling 
to RT at 5 K/h 
Total mass 300 mg 
Colour; shape  Black; plate –like needle 
 
 
3.2.2.2 EDX analysis  
 
The chemical composition of the single crystal of (3) was determined by the EDX analysis. 
The crystal used for the investigation was previously checked with the Buerger precession 
camera for identification. The rough lattice parameters obtained were similar to those of the 
crystal used for the structure determination. The crystal was then cut and the analysis was 
carried out in different points of the new face. The result obtained (Fig. 3.2.7) shows the 
presence of all four elements in the crystal with the average ratio Ag2.6Bi5.4S7Br5. 
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Fig.3.2.7. EDX spectrum of Ag2.6Bi5.4S7Br5. 
 
 
3.2.2.3 Crystallography 
 
Precession photographs 
 
In order to check the symmetry and the diffraction quality, single crystals of (3) 
(0.16×0.07×0.02 mm3), (4) (0.11×0.04×0.03 mm3) and (5) (0.08×0.03×0.02 mm3) were 
selected and mounted on the tip of glass fibres and the 0kl, 1kl, hk0, hk1 photographs were 
recorded. The symmetry of the diffraction patterns corresponds to the Laue class 2/m. In all 
case the reflection conditions observed on the photographs were h + k = 2n for hkl suggesting 
C2/m, Cm or C2 as possible space groups.  
 
Collection of intensity data and structure determination 
 
The same crystals checked with the precession camera for identification were used for the 
collection of intensity data. Details information about the data collection is gathered in table 
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A7. The structure of (4) was solved by direct methods [P7] in the space group C2/m and 
refined with a full-matrix least-squares program [P7]. Two crystallographically independent 
bismuth positions Bi(1) and Bi(2) = {M(3)}, one silver position Ag(1) = {M(2)}, one sulphur 
position S(1) and two bromine positions Br(1) and Br(2) = {Z(2)} were found in the 
asymmetric unit. In the first stage of the refinement the thermal parameters of Bi(2) and Br(2) 
were about twice as large as those of Bi(1) and Br(1), suggesting a substitution by lighter 
elements, i.e. by Ag at Bi(2) position and S at Br(2) position. On the other hand the small 
thermal parameter of Ag(1) let us think about a substitution at this position by a heavier 
element, thus Bi. A disorder model was applied for these sites that were constrained to full 
occupation. In each mixed position both types of atoms were forced to have the same 
coordinates and thermal parameters. The mixed occupation in cations and anions positions 
were restrained to keep the electroneutrality of the compound. The following compositions 
were obtained: M(2) = [83.0(1)% Ag + 17.0(1)% Bi], M(3) = [45.0(1)% Ag + 55.0(1)% Bi] 
and Z(2) = [73.0(4)% S + 27.0(4)% Br]. The formula of the compound based on this 
refinement was Ag2.54(1)Bi5.46(1)S6.92(2)Br5.08(2). The final refinement after absorption correction 
and including the secondary extinction correction as well as anisotropic displacement 
parameters for all atoms yielded R indices given in table 3.2.8.  
The structures of (3) and (5) were refined using the atomic positions of (4) as starting 
point. Similar procedures were used for the refinement. In the case of (3), mixed occupation 
was also found only in metal positions M(2) = [64.0(1)% Ag + 36.0(1)% Bi],  
M(3) = [36.0(1)% Ag + 64.0(1)% Bi], resulting to a composition very close to Ag2Bi6S8Br4. 
In (5), only the M(3) = [45.0(4)% Ag + 55.0(4)% Bi] and Z(2) = [55.0(4)% S + 45.0(4)% Br] 
positions show mixed occupation corresponding to the formula Ag2.91(1)Bi5.09(1)S6.18(2)Br5.82(2).  
Selected crystallographic data and the results of the refinement for the three phases are 
summarized in table 3.2.8. The fractional atomic coordinates and isotropic displacement 
parameters of all atoms with estimated standard deviations are gathered in table 3.2.9. In order 
to simplify the comparison, the parameters for the three studied crystals are grouped 
according to the Wyckoff position and with respect of the increasing content of silver. The 
connectivity between cations and anions in the structure with their coordination number are 
given in table 3.2.10. Inter-atomic bond distances in these three phases are compared in table 
3.2.11. Additional information on the structure determination is given in table A7. The 
anisotropic thermal parameters and selected bonds angles are gathered in tables A8 and A9. 
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Table 3.2.8: Selected crystallographic data for Ag4xBi8–4xS12–8xBr8x (x = 0.50; 0.64 and 0.73) 
 
Formula Ag2Bi6S8Br4 Ag2.54Bi5.46S6.92Br5.08 Ag2.91Bi5.09S6.18Br5.82
Crystal system monoclinic 
Space group C2/m (No. 12) 
a (pm) 1331.3(5) 1328.9(4) 1332.4(3) 
b (pm) 408.0(2) 408.5(1) 409.3(1) 
c (pm) 972.0(3) 973.4(4) 974.3(2) 
β (°) 90.8(1) 90.9(1) 90.4(1) 
V (106 pm3) 528.0(2) 528.4(2) 531.3(2) 
Z 1 
Temperature (K) 297(1) 293(1) 297(1) 
Rint 0.070 0.029 0.066 
R1(Fo > 4σ(Fo))  0.046 0.027 0.040 
wR2 (all)  0.109 0.042 0.073 
GooF 1.039 1.032 1.075 
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Table 3.2.9: Atomic coordinates, equivalent isotropic displacement parameters Ueq (pm2) and 
occupancies for all atoms in the asymmetric unit of Ag2Bi6S8Br4 (3), Ag2.54Bi5.46S6.92Br5.08 (4) 
and Ag2.91Bi5.09S6.18Br5.82 (5). Standard deviations corresponding to the last digit are indicated 
in brackets. All atoms in the structure are at y = 0. Occupation of M and Z positions: M = qBi 
+ (1–q)Ag; Z = qS + (1–q)Br with 0 ≤ q ≤ 1 
 
Atom Wyck. q x z Ueq 
1 0.7741(1) 0.1870(1) 378(1) 
1 0.7741(1) 0.1866(1) 334(1) 
Bi(1) 4i 
1 0.7681(1) 0.1819(1) 386(3) 
0.360 (1) 1/2 0 546(7) 
0.172 (1) 1/2 0 415(3) 
M(2) 2b 
0 1/2 0 680(8) 
0.640(1) 1/2 1/2 438(5) 
0.554(1) 1/2 1/2 362(2) 
M(3) 2d 
0.545(4) 1/2 1/2 475(4) 
0 0.1415(2) 0.4225(3) 324(2) 
0 0.1419(1) 0.4226(1) 286(2) 
Br(1) 4i 
0 0.1413(1) 0.4230(2) 325(4) 
1 0.1479(3) 0.0558(5) 210(1) 
1 0.1481(1) 0.0557(2) 164(3) 
S(1) 4i 
1 0.1479(3) 0.0571(4) 207(8) 
1 0.4167(1) 0.2425(2) 175(4) 
0.711(6) 0.4167(1) 0.2411(2) 296(4) 
Z(2) 4i 
0.545(4) 0.4179(2) 0.2391(3) 340(6) 
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Structure description and discussion 
 
Ag2Bi6S8Br4 (3), Ag2.54Bi5.46S6.92Br5.08 (4) and Ag2.91Bi5.09S6.18Br5.82 (5) are three members of 
the series of compounds with general composition Ag4xBi8–4xS12–8xBr8x (x = 0.50, x = 0.64 
and x = 0.73). The structural motif associated with this series is shown in figure 3.2.8. 
 
 
Fig. 3.2.8. Projection of the structure of Ag4xBi8–4xS12–8xBr8x (x = 0.64) (4) along [010] 
highlighting the double-chains of monocapped trigonal prisms around Bi(1). The two 
alternating types of building units A and B that form the structure are indicated. 
 
 
The asymmetric unit of Ag4xBi8–4xS12–8xBr8x contains three crystallographically 
different metal positions and three non-metal positions (Table 3.2.10). The examination of 
Ag/Bi mixed occupation in metal positions revealed that the seven-fold coordinated Bi(1) is 
not substituted by Ag in any of the compounds. The coordination polyhedron around Bi(1) is 
a distorted monocapped trigonal prism (Fig. 3.2.9) of three S atoms, two Br atoms and two 
anions with varying character (Z = S/Br). In all compounds, the coordination of the positions 
M(2) and M(3) exhibit a tetragonal distortion of the octahedron towards a linear coordination 
with two short bonds in trans position and four long bonds in square plane (Table 3.2.11). In 
any case the octahedron around M(3) is less distorted than the one around M(2). This 
observation is in agreement with the analysis of the distribution of Ag and Bi among 
octahedral metal positions in the structures: the M(2) position is highly preferred by Ag atoms 
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(64% in (3), 83% in (4) and 100% in (5)) while in the M(3) position Bi atoms slightly 
dominate.  
 
Table 3.2.10: Connectivity of cations and anions in the structure of Ag4xBi8–4xS12–8xBr8x with 
their coordination numbers 
 
Atom Br(1) S(1) Z(2) CN 
Bi(1) 2/2 3/3 2/2 7 
M(2) 0/0 4/2 2/1 6 
M(3) 4/2 0/0 2/1 6 
CN 4 5 4  
 
 
Table 3.2.11: Selected inter-atomic distances (pm) for Ag2Bi6S8Br4 (3), Ag2.54Bi5.46S6.92Br5.08 
(4) and Ag2.91Bi5.09S6.18Br5.82 (5). Standard deviations corresponding to the last digit are 
indicated in brackets. Operators for generating equivalent atoms: 
(i) 1–x, –y, –z; (ii) 1/2+x, 1/2+y, z; (iii) 1/2+x, y–1/2, z; (iv) 1/2–x, –1/2–y, –z;  
(v) 1/2–x, 1/2–y, –z; (vi) 1–x, –y, 1–z; (vii) 1/2–x, –1/2–y, 1–z; (viii) 1/2–x, 1/2–y, 1–z;  
(ix) x–1/2, y–1/2, z; (x) x–1/2, 1/2+y, z. 
 
 (3) x = 0.50 (4) x = 0.64 (5) x = 0.73 
Bi(1)–S(1i) 259.2(3) 259.1(4) 259.1(3) 
          Z(2ii, 2iii) 283.4(6) 283.1(2) 291.1(2) 
          S(1ii, 1iii) 292.4(6) 292.1(3) 286.4(3) 
          Br(1ii, 1iii) 355.4(7) 355.8(5) 355.1(4) 
    
M(2)–Z(2, 2i) 261.8(3) 261.0(4) 258.0(3) 
          S(1ii, 1iii, 1iv, 1v) 288.2(6) 288.2(2) 289.2(2) 
    
M(3)–Z(2, 2vi)  272.4(4) 273.7(5) 276.0(3) 
          Br(1ii, 1iii, 1vii, 1viii) 288.4(6) 288.8(2) 288.4(2) 
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The S(1) and Br(1) positions show no mixed occupation. The S(1) atom is located in a 
distorted square pyramid while the Br(1) atom shows a distorted square coordination 
(Fig.3.2.9). The nearest additional metal atom (M(2)) that may complete the coordination of 
Br(1) to a square pyramid is situated at about 494 pm. The anion position Z(2) shows S/Br 
mixed occupation and is located in a distorted tetrahedral environment of cations.  
The structure of Ag4xBi8–4xS12–8xBr8x, as indicated in figure 3.2.8, is closely related to 
that of the mineral pavonite described in section 1.2.2.2. The structures differ in the thickness 
of the layer type B, which in Ag4xBi8–4xS12–8xBr8x contains only one octahedron, and also in 
the distribution of atoms in layer A. In the present structure, the S atoms located at the 
interface with layer B in the structure of pavonite are completely replaced by Br atoms. 
The structure of Ag4xBi8–4xS12–8xBr8x can be considered as the one-layer member 1P of the 
pavonite structure family. 
 
 
Fig. 3.2.9. Environment of cations and anions in Ag4xBi8–4xS12–8xBr8x (Ellipsoids correspond 
to 95% probability level). For bond distances see table 3.2.11 
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Alternatively, the structure of Ag4xBi8–4xS12–8xBr8x can be derived from the structure of 
AgBiSCl2 [133, 144] by discarding the mirror planes at z = 1/4 and 3/4 in the orthorhombic 
structure.  
The group sub-group relationship between the two structures is depicted in figure 
3.2.10. The Cl position (8f) of AgBiSCl2 is divided into two independent positions (4i) that 
are occupied by different anions, S(1) and Br(1), in the monoclinic structure. The higher 
affinity of bismuth to sulphur results in a shift of 84 pm away from the corresponding position 
in AgBiSCl2. Thereby the coordination number of Bi is reduced from c.n. = 8 (bicapped 
trigonal prism) in AgBiSCl2 to c.n. = 7 (monocapped trigonal prism) in Ag4xBi8–4xS12–8xBr8x. 
The corrugated layer of bicapped trigonal prisms found in the orthorhombic structure is 
consequently broken into parallel double-chains of monocapped trigonal prisms. A similar 
structure type was recently reported for MnSbSe2I [118]. 
 
 
Fig. 3.2.10. Group sub-group relationship between the structure of AgBiSCl2 (Ccmm) (above) 
and the structure of Ag4xBi8–4xS12–8xBr8x (C2/m) (below). 
 
 
Ag4xBi8–4xS12–8xBr8x, represents a series of isostructural compounds members of the 
homologous double series Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) (Q = S, Se; X = Cl, Br) 
(3.8) with N = 1. As shown in figure 3.2.11, the essential difference between the structure of 
Ag4xBi8–4xS12–8xBr8x and that of the first member of the series (N = 0) resides only in the 
number of octahedra found in the layer type B. 
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One of the most important structural features of this class of compounds is the 
“strategic” position of Z(2) in the structure. This anion position, which has the particularity to 
be connected to all metal atoms in the structure, shows S/Br mixed occupation and seems to 
be the key point that assures the electroneutrality of the compounds. Due to the multiplicity of 
the point positions, the occupations follow the simple relation q(M(2)) + q(M(3)) = q(Z(2)). 
Herein the occupations of M and Z positions are defined as 1 = q Bi + (1–q) Ag and  
1 = q S + (1–q) Br with 0 ≤ q ≤ 1. The amount of S found in the Z(2) position decreases with 
the increase of the Ag content according to the equation q(Z(2)) = 2(1–x). The observed 
q(Z(2)) are 100% in (3) (x = 0.50), 73% in (4) (x = 0.64) and 55% in (5) (x = 0.73).  
 
 
Fig. 3.2.11. Comparison between the structure of AgBi2S2Cl3 (1) (left) and the structure of 
Ag4xBi8–4xS12–8xBr8x (right). 
 
According to the above crystallographic analysis the solid solution is restricted to 
particular atomic positions in the structure. The structural adaptation (Ag/Bi distribution) 
observed in this series of compounds is facilitated by the flexibility introduced by the 
occupation of the anion position Z(2) with either sulphur or bromine atoms. The double 
exchange process between cations and anions may yield to a continuous spectrum of 
isostructural charge balanced compounds. According to the structures of the present members 
of the series it can be demonstrated that the best structural formula of this family of 
compounds corresponds to [BiSBr]4·[Ag2xBi2(1–x)S4(1–x)Br2(2x–1)]2 with 0.5 ≤ x ≤ 1. The 
[Ag2xBi2(1–x)S4(1–x)Br2(2x–1)] part of the formula describes the double charge balanced exchange 
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process that takes place within the network of [MS4Z2] and [MBr4Z2] octahedra (Fig. 3.2.12). 
Following this formula the composition range of the series is confined between the two 
isostructural end members Ag2Bi6S8Br4 (x = 0.5) and Ag4Bi4S4Br8 (x = 1). 
As determined from the refinement of (3), the silver-poorest member Ag2Bi6S8Br4 
shows Ag/Bi disorder at the metal sites M(2) and M(3) with the Z(2) position fully occupied 
by S atoms. In the hypothetical silver-richest end member Ag4Bi4S4Br8, a full occupation of 
M(2) and M(3) by silver atoms and Z(2) by bromine atoms is expected.  
 
 
Fig. 3.2.12. A representation of the structure of Ag4xBi8–4xS12–8xBr8x highlighting the layers 
with the double exchange in the structure type. The composition of the zig-zag pattern [M(2)–
Z(2)–M(3)–Z(2)] changes according to the formula [Ag2xBi2(1–x)S4(1–x)Br2(2x–1)] between 
[AgBiS2] (x = 0.5) and [Ag2Br2] (x = 1). 
 
Another interesting structural characteristic of this class of compounds is the 
selectivity of cation and anion positions that can be affected by the substitution process. This 
effect is only observed within the network of octahedra that share common edges and vertices 
(Fig. 3.2.12). i.e. it extends exclusively along the M(2)–Z(2)–M(3)–Z(2) zig-zag pattern of 
trans short bonds. In the case of the minimal silver content (x = 0.5) the composition of the 
zig-zag pattern corresponds to the sequence (Ag/Bi)–S–(Ag/Bi)–S. With maximum silver 
content (x = 1), its composition should be Ag–Br–Ag–Br, although due to chemical reasons 
an atomic rearrangement is expected that results in the sequence Ag–S–Ag–S as it is found in 
the ordered structure of the homöotypic sulphide chloride AgBiSCl2 [133, 144]. According to 
the structures of the three phases of the series we have investigated, it seems that the structure 
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type is moving towards orthorhombic symmetry as the Ag content increases (Table 3.2.8) 
which is in line with the equivalence of the positions M(2) and M(3). 
Together with the composition the electronic character of the zig-zag pattern changes 
and this should influence the semi-conducting properties of the compounds, although they are 
not investigated up to now. 
 
 
3.2.2.4 Band structure calculation 
 
The electronic band structure and the DOS (density of states) were calculated for the two end 
members of the series of isostructural compounds Ag4xBi8–4xS12–8xBr8x (x = 1/2 and x = 1) in 
order to check the influence of the substitution coefficient x of Bi by Ag on the electronic 
property. For the calculations, the same lattice parameters were considered for both 
compositions and atoms were distributed in the unit cell according to the following models: 
Ag at M(2), Bi at M(3) and S at Z(2) for x = 1/2 (AgBi3S4Br2); Ag at M(2) and M(3) with Br 
at Z(2) for x = 1 (AgBiSBr2). Figure 3.2.13 shows the results obtained from the calculations. 
As can be observed in the figures, the electronic band gap (Eg) is considerably 
diminished from the silver poor compound (x = 1/2) to the silver rich phase (x = 1). The 
calculated values are 0.90 eV for AgBi3S4Br2 (x = 1/2) and 0.57 eV for AgBiSBr2 (x = 1). 
Both values are consistent with the black colour of the crystals of Ag4xBi8–4xS12–8xBr8x. Both 
compounds present narrow valence bands within approximately 6 eV, suggesting large 
localization of the electrons. However, the valence band in AgBiSBr2 (x = 1) is slightly 
broader, indicating that the compound may display more covalent character.  
The electronic structure of AgBi3S4Br2 shows an indirect transition from Z to M and a 
direct gap with slightly different energy at Z. In the case of AgBiSBr2, two indirect transitions 
with similar energy from Z to A and from M to A are observed. The calculations clearly show 
that the simultaneous substitution of Bi by Ag in the metal positions and of S by Br in the 
anion positions strongly affects the electronic character of members of the solid solution 
series. 
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Fig. 3.2.13. Band structures and density of states (DOS) for Ag2Bi6S8Br4 (x = 1/2) (above) 
and Ag4Bi4S4Br8 (x = 1) (below). 
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3.3  Syntheses and crystal structures of Ag6xBi10–6xS16–12xCl12x–2; 
 N = 2; x = 0.53 (6) and x = 0.67 (7) 
 
3.3.1  Syntheses 
 
Single crystals of (6) were first obtained as by-product from a direct combination of Bi2S3 and 
AgCl (3:2) at 740 K. This phase was later synthesized starting from a composition calculated 
using the general equation (Eq. 2.1). A mixture of AgCl, BiSCl and Bi2S3 in a molar ratio 
3:1:3 was thoroughly ground and loaded into a silica tube which was flame- sealed under a 
pressure of 10–2 Torr. The tube was heated to 570 K in 24 h, kept at that temperature for 2 
days and then further heated to 720 K for 3 days. The ampoule was then cooled down to room 
temperature at 5 K/h. 
Similar procedure was used for the synthesis of (7). The starting mixture was AgCl, 
BiSCl and Bi2S3 in a molar ratio 2:1:1. The resultant product consisted of black plate needle-
like crystals. Parameters for the syntheses of these two phases are given in table 3.3.1 
 
Table 3.3.1: Parameters for the synthesis of Ag6xBi10–6xS16–12xCl12x–2 
 
 Ag3.17Bi6.83S9.66Cl4.34 
(x = 0.53) 
Ag4Bi6S8Cl6 
(x = 0.67) 
Starting materials AgCl + BiSCl + Bi2S3 
Composition  3:1:3 2:1:1 
Temperature 
program 
(1) RT to 570 K in 24 h; 
(2) 570 K for 2 days; 
(3) 570 K to 720 K in 5 h; 
(4) 720 K for 3 days followed by cooling to RT at 5 
K/h 
Total mass 300 mg 
Colour; shape  Black; plate –like needle 
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3.3.2 Crystallography 
 
Precession photographs 
 
Single crystals of (6) (0.24 × 0.07 × 0.04 mm3) and (7) (0.20 × 0.06 × 0.04 mm3) suitable for 
the X-ray investigation were selected and mounted on the tip of glass fibres and the zero and 
one level photographs were recorded. The analysis of the photographs yielded to the rough 
lattice parameters and revealed the good diffraction quality of the crystals. The observed 
reflection condition with h+k = 2n for all hkl suggests C2, Cm and C2/m as possible space 
groups. 
 
Collection of intensity data and structure determination 
 
The same crystals tested on the precession camera were used for the data collection. 
Information about the measuring parameters is given in table A10. 
The structure of (6) was solved in the space group C2/m using the direct methods [P7] 
and the refinement was done with the full matrix least-squares technique [P7]. Three metal 
positions Bi(1), Ag(1) = M(2), Bi(2) = M(3) and four anions positions were found in the 
asymmetric unit. The thermal parameter of the Bi(2) atoms at M(3) was about twice as large 
as that of Bi(1) indicating a substitution at this position by a lighter element, i.e. Ag. On the 
other hand the small thermal parameter of Ag(1) atom in M(2) position let us think about a 
substitution at this position by a heavier element, thus Bi. A disorder model was applied for 
these sites, which were constrained to fully occupation. In each mixed occupied position both 
atom sorts were forced to display the same atomic coordinates and thermal parameters. After 
the refinement of this model the R1 value dropped to 9% and the thermal parameters of all 
atoms were more uniform. At this point high electron density was observed around Bi(1) and 
the atom was split into two positions. The Z(3) position situated on the inversion centre (2/m 
symmetry) shows a very large thermal parameter with an ellipsoid resembling a cigar oriented 
in the direction perpendicular to [001]. This indicates either dynamic or static disorder in this 
direction. A more acceptable ellipsoid was obtained by shifting this atom slightly out of the 
special position (2c). This operation changes the original coordinate (0, 0, 1/2) to the position 
(0+ε, 0, 1/2+ε´). The refinement of this model after subsequent cycles gives more uniform 
electron density around Bi(1) and the thermal parameters of Z(3) atoms were more acceptable.  
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Attempts to refine the structure in the noncentrosymmetric space group Cm including 
the inversion twin also yielded to very large thermal parameter for the Z(3) position. 
Furthermore, high correlations were observed between different atoms. Therefore, we 
consider C2/m as the appropriate space group. 
The S(1) and Cl(1) positions were differentiated using the structural homology with  
Ag4xBi8–4xS12–8xBr8x (section 3.2.2).  
In order to keep the electroneutrality of the compound, the rest of anion positions Z(2) 
and Z(3) were assumed to be mixed occupied by S and Cl. Unfortunately the refinement of 
this mixed occupation was not possible because of the isoelectronic character of Cl– and S2– 
ions. The final formula was thus calculated only according to the refined occupations factors 
of metal atoms. The final refinement after absorption correction and including the secondary 
extinction correction as well as anisotropic displacement parameter for all atoms in the 
structure yielded R indices given in table 3.3.3. The following compositions were obtained 
from the refinement: M(2) = [80.0(2)% Ag + 20.0(2)% Bi] and M(3) = [39.0(2)% Ag + 
61(2)% Bi]. The formula of the compound based on this refinement was 
Ag3.17(1)Bi6.83(1)S9.66(2)Cl4.34(2). 
Similar procedure was used for the refinement of the structure of (7). The atomic 
coordinates obtained from the refinement of (6) were used as the starting point. In this case 
mixed occupancy between Ag and Bi was also observed at M(2) and M(3) positions. The 
Ag/Bi ratio in this compound allowed an ordering of S and Cl among anions positions. The 
Z(2) and Z(3) positions situated in two different Wyckoff position (4i and 2c) were filled by S 
and Cl in such a way that the electroneutrality of the compound is preserved. This condition 
supposed S at Z(2) and Cl at Z(3). This distribution was also confirmed by the calculation of 
bond valence sum (Table 3.3.2).  
 
Table 3.3.2: Bond valence sums around anions in Ag4Bi6S8Cl6 
 
Atom Expected Calculated
Cl(1) 1 1.01 
S(1) 2 1.97 
S(2)/Z(2) 2 2.09 
Cl(2)/Z(3) 1 1.15 
 
 
The refinement of the structure using this model yields the final R indices given in 
table 3.3.3. The following compositions were obtained: M(2) = [86.0(2)% Ag + 14.0(2)% Bi] 
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and M(3) = [43.0(2)% Ag + 57.0(2)% Bi]. The final composition derives from this refinement 
was very close to Ag4Bi6S8Cl6.  
Selected crystallographic data and the result of the refinement for the two phases are 
given in table 3.3.3. The fractional atomic coordinates and equivalent isotropic thermal 
parameters for all atoms in both compounds are gathered in table 3.3.4. These parameters 
were grouped according to the Wyckoff position in order to simplify the comparison. The 
connectivity between cations and anions in the structures with their coordination number are 
given in table 3.3.5. Selected inter-atomic distances are listed in table 3.3.6.  
Additional information on the structure determination is given in table A10. The 
anisotropic thermal parameters and selected bonds angles are gathered in tables A11 and A12. 
 
Table 3.3.3: Selected crystallographic data for Ag6xBi10–6xS16–12xCl12x–2 (x = 0.53 and 0.67) 
 
Formula Ag3.17Bi6.83S9.66Cl4.34 Ag4Bi6S8Cl6 
Crystal system – monoclinic – 
Space group – C2/m (No. 12) – 
a (pm) 1326.7(3)  1325.4(3)  
b (pm) 403.9(1)  403.3(1)  
c (pm) 1176.7(2) 1170.6(2) 
β (°) 107.8(1) 108.1(1) 
V (106 pm3) 600.3(2) 594.6(2) 
Z 1 
Temperature (K) 297(1) 295(1) 
Rint 0.025 0.054 
R1(Fo > 4σ(Fo))  0.031 0.048 
wR2 (all)  0.073 0.124 
GooF 1.063 1.097 
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Table 3.3.4: Atomic coordinates, equivalent isotropic displacement parameters Ueq (pm2) and 
occupancies (k) for all atoms in the asymmetric unit of Ag3.17Bi6.83S9.66Cl4.34 (6) and 
Ag4Bi6S8Cl6 (7). All atoms are located on the mirror planes at y = 0. Standard deviations 
corresponding to the last digit are indicated in brackets. For each atom sort, the first line refers 
to (6) and the second to (7). Occupation of M and Z positions: M = qBi + (1–q)Ag;  
Z = qS + (1–q)Cl with 0 ≤ q ≤ 1.  
 
Atom Wyck. k q x z Ueq 
0.93(2) – 0.8161(1) 0.1628(7) 384(3) Bi(1a) 
0.89(2) – 0.8162(1) 0.1637(6) 365(3) 
0.07(2) – 0.8458(8) 0.2282(1) 384(3) Bi(1b) 
4i 
0.11(2) – 0.8500(5) 0.2354(6) 365(3) 
1 0.20(2) 1/2 0 473(7) M(2) 2b 
1 0.14(2) 1/2 0 433(6) 
1 0.61(2) 0.6154(1) 0.4234(1) 407(4) M(3) 4i 
1 0.43(2) 0.6145(1) 0.4240(1) 383(3) 
1 0 0.7667(3) 0.6476(4) 420(10) Cl(1) 4i 
1 0 0.7649(3) 0.6476(3) 374(9) 
1 1 0.8400(2) –0.0476(3) 247(10) S(1) 4i 
1 1 0.8400(2) –0.0473(3) 213(7) 
1 0.95(1) 0.4677(3) 0.2065(3) 333(10) Z(2) 4i 
1 1 0.4691(3) 0.2082(3) 283(8) 
0.5 0.95(1) 0.0160(1) 0.5221(1) 380(4) Z(3) 4i 
0.5 0 0.0156(1) 0.5199(1) 400(4) 
 
 
Structure description and discussion 
 
Ag3.17Bi6.83S9.66Cl4.34 (6) (x = 0.53) and Ag4Bi6S8Cl6 (7) (x = 0.67) are two members of the 
series of compounds with general composition Ag6xBi10–6xS16–12xCl12x–2. They crystallize in 
the monoclinic space group C2/m and adopt the Pb2Bi4S7 [65] structure type. The structural 
motive associated with this series is shown in figure 3.3.1. 
   Results and discussion 
 
78
The asymmetric unit of Ag6xBi10–6xS16–12xCl12x–2 contains three crystallographically 
different metal atoms and four non-metal atoms (Table 3.3.5). The examination of Ag/Bi 
disordered occupation in metal positions revealed that the eight-fold coordinated Bi(1) 
position is not affected by the mixed occupation. The coordination polyhedron around these 
split positions features a distorted bicapped trigonal prisms (Fig. 3.3.2). The observed 
positional disorder of Bi(1) atom seems to be related with the additional long bond (artificial 
Bi c.n. = 7) formed with the Z(3) atom, which is shifted from the special position with site 
symmetry 2/m.  
 
 
Fig. 3.3.1. The crystal structure of Ag6xBi10–6xS16–12xCl12x–2 (x = 0.53 (6)) with atom labeling 
projected along [010]. The two types of building units A and B are indicated. 
 
 
Table 3.3.5: Connectivity of cations and anions in the structure of Ag6xBi10–6xS16–12xCl12x–2 
with their coordination number 
 
Atom Cl(1) S(1) Z(2) Z(3) CN 
Bi(1a/ 1b) 2/2 3/3 2/2 1/2 8 
M(2) 0/0 4/2 2/1 0/0 6 
M(3) 3/3 0/0 1/1 2/4 6 
CN 5 5 4 6  
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M(2) and M(3) metal sites in both compounds exhibit Ag/Bi disorder. The octahedral 
environment of M(2) is similar to the one described in Ag4xBi8–4xS12–8xBr8x (3.2.2) for the 
corresponding M(2) position ([2+4] geometry). The silver atoms at this position generally 
exhibit very large thermal parameters (see AgBi2S2Cl3 and AgBiSCl2). In the present case the 
thermal motion commonly associated with Ag atom at M(2) position is stabilized by the 
mixed occupation with heavy Bi atom. However, the position still more predominantly 
occupied by Ag atoms (80% in (6) and 86% in (7)) and the temperature factor is still large. 
The octahedron around M(3) position is distorted towards a trigonal bipyramid with short 
bonds trans to long bonds. This kind of distortion is commonly observed for octahedrally 
coordinated Bi atoms with active lone pair. The distortion of this octahedron evolves toward 
the tetragonal [2+4] contraction as the Ag content at the M(3) position increases (Table 3.3.6). 
The S(1) position is located in distorted quadratic pyramid of three Bi(1) and two M(2) atoms 
This position in both compounds was found to be fully occupied by S atoms. The Cl(1) 
position also displays a quadratic pyramid (instead of the square coordination found for 
corresponding positions in AgBi2S2Cl3, AgBiSCl2 and Ag4xBi8-4xS12-8xBr8x) of two Bi(1) and 
three M(3) atoms. The Z(2) positions is tetrahedrally coordinated by two Bi(1), one M(2) and 
one M(3) atoms. This anion position as mentioned above (section 3.2.2) connects the two 
building blocks and always shows mixed occupation between S and Cl. In (6) it was 
necessary for electroneutrality reason that the Z(2) position also contains a small amount of 
Cl. This position in (7) is fully occupied by S atom. The variation of the composition of this 
position is strategic for the cations ordering process that takes place between the two 
octahedral metal positions M(2) and M(3). The Z(3) is located in a distorted octahedral 
environment of two Bi(1) atoms and four M(3) atoms. This position also shows mixed 
occupation between S and Cl. The Z(3) position in (6) contains a small amount of Cl and is 
fully occupied by Cl atom in (7) (the distribution of S and Cl atoms in the Z(2) and Z(3) 
positions is simply based on electroneutrality requirements).  
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Fig. 3.3.2. Environment of cations and anions in Ag6xBi10–6xS16–12xCl12x–2 (x = 0.53 (6)). 
Ellipsoids correspond to 95% probability level. For bonds distances see table 3.3.6. 
 
 
The structure of Ag6xBi10–6xS16–12xCl12x–2 as depicted in figure 3.3.1 is closely related 
to that of Ag4xBi8–4xS12–8xBr8x (Fig. 3.2.8). The layer type denoted A is almost the same in 
both structures except for the coordination polyhedra around Bi(1) atom. This atom in 
Ag6xBi10–6xS16–12xCl12x–2 is eight-fold coordinated whereas the corresponding one in  
Ag4xBi8–4xS12–8xBr8x is seven-fold coordinated. The main structural difference resides in the 
thickness of the NaCl-type layer B. This building unit in Ag6xBi10–6xS16–12xCl12x–2 is one 
octahedron thicker than the corresponding block in Ag4xBi8–4xS12–8xBr8x (Fig. 3.3.3). 
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Table 3.3.6: Selected inter-atomic bond distances (in pm) for Ag3.17Bi6.83S9.66Cl4.34 (6) and 
Ag4Bi6S8Cl6 (7). Standard deviations corresponding to the last digit are indicated in brackets. 
Operators for generating equivalent atoms: (i) 0.5+x, 0.5+y, z; (ii) 0.5+x, y–1/2, z;  
(iii) 3/2–x, –1/2–y, –z; (iv) 3/2–x, 1/2–y, –z; (v) 3/2–x, 1/2–y, 1–z; (vi) 3/2–x, –1/2–y, 1–z;  
(vii) 1–x, –y, 1–z; (viii) 1+x, y, z; (ix) 1–x, –y, –z; (x) x–1/2, y–1/2, z; (xi) x–1/2, 1/2+y, z. 
 
 (6) x = 0.53 (7) x = 0.67 
Bi(1a) — S(1) 259.1(9) 258.5(9) 
                 Z(2i, 2ii) 278.5(2) 279.1(2) 
                 S(1iii, 1iv) 291.3(3) 290.7(3) 
                 Cl(1v, 1vi) 343.0(3) 340.3(2) 
                  Z(3vii) 369.5(7) 368.1(7) 
   
Bi(1b) — Z(2i, 2ii) 264.9(9) 264.1(7) 
                 Z(3vii) 295.0(6) 286.4(6) 
                 Cl(1v, 1vi) 312.6(3) 309.2(2) 
                 S(1) 322.3(2) 327.0(9) 
                 S(1iii, 1iv) 338.5(5) 343.6(5) 
                 Z(3viii) 350.4(7) 337.0(7) 
   
M(2) — Z(2, 2ix) 259.3(2) 259.4(2) 
              S(1iii, 1iv, 1xi, 1x) 285.8(2) 285.3(2) 
   
M(3) — Z(2) 270.0(6) 265.8(6) 
              Cl(1) 278.3(6) 275.3(6) 
              Cl(1v, 1vi) 283.2(2) 285.7(2) 
              Z(3i 3ii) 284.8(2) 282.1(2) 
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Fig. 3.3.3. Comparison between the structure of Ag4xBi8–4xS12–8xBr8x (left) and the structure of 
Ag6xBi10–6xS16–12xCl12x–2 (right).  
 
 
One of the most interesting structural feature of this series of compounds is the 
departure of Z(3) atom from the inversion centre 2/m. The localization of this atom at the 
special position (0, 0, 1/2), yielded to a cigar-like ellipsoid that suggested the positional 
disorder obtained for this atom. The best shape of the ellipsoid was obtained by shifting this 
atom slightly out of the inversion centre towards the position 0+ε, 0, 1/2+ε’ with (ε, ε’) equal 
to (0.0160, 0.0221) for (6) and (0.0156, 0.0199) for (7) (Fig. 3.3.4). Similar characteristic 
have been reported for the S(1) atom in the structure of Pb2Bi4S7 [65]. The departure of this 
atom from the ideal position was explained by the formation of covalent bonds due to the 
localization of the valence electrons during the cooling process. The degrees of displacement 
(ε, ε’) in Pb2Bi4S7 are (0.020, 0.024).  
As can be observed in figure 3.3.4 there are two possible ways for the formation of the  
M(3)–Z(3) covalent bonds. In the present case both systems of covalent bonds seem to occur 
statistically with the mean bond distances of 284.8 (2) pm for (6) and 282.1(2) pm for (7). The 
corresponding value is 276 pm in Pb2Bi4S7.  
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Fig. 3.3.4. Two possible bond systems resulting from the departure of the Z(3) atom from the 
ideal (0,0,1/2) position. (a) indicates the ideal arrangement of Z(3) atom in the structure; (b) 
and (c) correspond to the two possible arrangements due to the distortion. The axis of rotation 
is indicated. Both systems seem to be statistically present in the structure of 
Ag6xBi10–6xS16–12xCl12x–2. 
 
 
According to the structure refinements of the present members of the series of 
isostructural compounds Ag6xBi10–6xS16–12xCl12x–2 (0.5 ≤ x ≤ 1), it can be demonstrated that the 
best structural formula (with Z = 2) of this family of compounds corresponds to 
[BiSCl]2·[AgxBi(1–x)S2(1–x)Cl(2x–1)]3. The [AgxBi(1–x)S2(1–x)Cl(2x–1)] part of the formula describes 
the double charge balanced exchange process that takes place within the three-dimensional 
arrangement of edges and vertices connected octahedra found in the structure (Fig. 3.3.5). 
Following this formula the intermediate compositions of the series range between the two 
isostructural end members Ag3Bi7S10Cl4 (x = 0.5) and Ag6Bi4S4Cl10 (x = 1). It can be 
predicted that in Ag3Bi7S10Cl4 the two metal sites M(2) and M(3) may display Ag/Bi disorder 
(1:1) while the Z(2) and Z(3) sites will be fully occupied by sulphur atoms. The result 
obtained for (6) (x = 0.53) tends to confirm this hypothesis. In Ag6Bi4S4Cl10 a full occupation 
of M(2) and M(3) by silver atoms is expected with Z(2) and Z(3) fully occupied by chlorine 
atoms, i.e. an entirely ordered structure.  
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Fig. 3.3.5. A representation of the structure of Ag6xBi10–6xS16–12xCl12x–2 highlighting the three-
dimensional network of edges and vertices connected octahedra within which the fluctuation 
of charge and mass takes place. The composition of this framework changes according to the 
formula [Ag2xBi2(1–x)S4(1–x)Cl2(2x–1)] between [AgBiS2] (x = 0.5) and [Ag2Cl2] (x = 1). 
 
 
3.3.3 Band structure calculation 
 
The electronic band structure and the DOS (density of states) were calculated for the 
hypothetical Ag-richest end member of the series of isostructural compounds  
Ag6xBi10–6xS16–12xCl12x–2 (x = 1). For the calculations, the lattice parameters obtained for 
Ag4Bi6S8Cl6 (x = 0.67) were considered. The distribution of atoms in the unit cell was 
according to the hypothetical model described above, with the assumption that the anion 
position Z(3) is located at the special position (0, 0, 1/2). The results obtained from the 
calculations are shown in figure 3.3.6. 
As can be observed in the figure, both the valence and the conduction band follow the 
Fermi level. Direct and indirect transitions with similar energy levels occur at Z and G–A to 
A, respectively, indicating that the compound might be an interesting semiconductor. In 
addition, the narrow minimum energy gap between bands suggests a possible transition to a 
metallic state upon additional doping. 
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Fig. 3.3.6. Band structure and density of states (DOS) of the hypothetical member 
Ag6Bi4S4Cl10 (x = 1). 
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3.4  Syntheses and crystal structures of Ag8xBi12–8xQ20–16xBr16x–4  
(Q = S, Se); N = 3 
 
3.4.1  Syntheses 
 
Ag5.58Bi6.42S8.85Br7.15 (8) (x = 0.70): A mixture of AgBr, BiSBr and Bi2S3 in the molar ratio 
7:2:3 was thoroughly ground and loaded into a silica tube which was flame-sealed under a 
pressure of 10–2 Torr. The tube was heated to 570 K in 24 h, kept at that temperature for 2 
days and then further heated to 720 K for 3 days. The tube was then allowed to cool down to 
room temperature at 5 K/h.  
Ag5.78Bi6.22S8.44Br7.56 (9) (x = 0.72) and Ag6.72Bi5.28S6.56Br9.44 (10) (x = 0.84): A procedure 
similar to the one described above was used for the syntheses. The starting mixtures were 
AgBr, BiSBr and Bi2S3 in a molar ratios 3:1:1 for (9) and 9:1:2 for (10). The resultant product 
consisted of black plate crystals. 
Ag5.72Bi6.28Se8.56Br7.44 (11) (x = 0.72): Single crystals of Ag5.72Bi6.28Br7.44Se8.56 were obtained 
by direct combination of AgBr, BiSeBr and Bi2Se3. A mixture with composition 3:1:1 was 
well ground and loaded into a silica tube, which was flame-sealed under a pressure of  
10–2 Torr. The tube was heated to 670 K in 24 h, kept at that temperature for 12 h, further 
slowly heated up to 750 K for 2 h. The temperature was then raised down to 680 K, 
isothermed for 2 days and then rapidly cooled to room temperature. The product was a 
polycrystalline mixture of black plate crystals with various dimensions. The detail 
experimental conditions for the synthesis of these three compounds are given in table 3.4.1. 
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Table 3.4.1: Parameters for the synthesis of Ag8xBi12–8xQ20–16xBr16x–4 
 
 Ag5.58Bi6.42S8.85Br7.15 
(x = 0.70) 
Ag5.78Bi6.22S8.44Br7.56 
(x = 0.72) 
Ag6.72Bi5.28S6.56Br9.44 
(x = 0.84) 
Ag5.72Bi6.28Se8.56Br7.44 
(x = 0.72) 
Starting 
materials 
AgBr + BiSBr + Bi2S3 AgBr + BiSeBr + Bi2Se3
Composition  7:2:3 3:1:1 9:1:2 3:1:1 
Temperature 
program 
(1) RT to 570 K in 24 h;  
(2) 570 K for 2 days; 
(3) 570 K to 720 K in 5 h; 
(4) 720 K for 3 days followed by cooling to RT at 5 K/h 
(1) RT to 670 K in 24 h; 
(2) 670 K for 12 h;  
(3) 670 K to 750 K in 
10 h;  
(4) 750 K for 2 h; 
(5) 750 K to 680 K in  
1 h;  
(6) 680 K for 2 days 
followed by rapid 
cooling to RT 
Total mass 300 mg 
Colour; 
shape  
Black; plate –like needle 
 
 
3.4.2  Crystallography 
 
Precession photographs 
 
Single crystals of (8) (0.25 × 0.10 × 0.06 mm3), (9) (0.17 × 0.07 × 0.03 mm3), (10) (0.17 × 
0.15 × 0.10 mm3) and (11) (0.12 × 0.05 × 0.02 mm3) were first checked to the precession 
camera for identification. The rough lattice parameters were calculated from the zero and one 
level precession photographs recorded. In all case the reflection condition observed were h+k 
= 2n for all hkl suggesting C2, Cm and C2/m as possible space groups. 
 
Collection of intensity data and structure determination 
 
In all case the same single crystals checked with the precession camera was used for the data 
collection. Details information on the measuring parameters is summarized in table A13. 
The structure solution of (8) was obtained in the space group C2/m using the direct 
methods [P7] and the refinement was done using the full-matrix least squares technique [P7]. 
Three bismuth atoms Bi(1), Bi(2) = {M(3)}, Bi(3) = {M(4)}; one silver atom Ag(1) = {M(2)}; 
two sulphur atoms S(1), S(2) = {Z(2)} and two bromide atoms Br(1) and Br(2) = {Z(3)} were 
   Results and discussion 
 
88
found in the asymmetric unit. The thermal parameters of Bi(2), Bi(3) and Br(2) were high 
compared to those of Bi(1) and Br(1) suggesting a substitution by lighter element at these 
positions i.e. Ag at Bi(2) and Bi(3), and S at Br(2) positions. In another hand, the thermal 
parameters of Ag(1) and S(2) were small and a disorder model with Bi at Ag(1) position and 
Br at S(2) position was also applied to these sites. All these mixed positions were constrained 
to full occupation and both atom types involved in each site were constrained to have the 
same fractional coordinates and the same thermal parameters. After subsequent refinement of 
this model, the thermal parameters of all atoms were more uniform and the agreement factor 
R1 dropped to 10%. The following compositions were obtained: M(2) = [87.7(4)% Ag + 
12.3(4)% Bi], M(3) = [48.0(2)% Ag + 52.0(2)% Bi], M(4) = [95.8(4)% Ag + 4.2(4)% Bi], 
Z(2) = [73.2(6)% S + 26.8(6)% Br], Z(3) = [47.4(6)% S + 52.6(6)%Br]. In the final cycles the 
absorption correction and the secondary extinction correction as well as the anisotropic 
refinement for all atoms in the structure were applied. The final R indices obtained are given 
in table 3.4.2. The formula of the compound based on this refinement was 
Ag5.58(1)Bi6.42(1)S8.85(2)Br7.15(2), corresponding to x = 0.70 in the general formula. 
A procedure similar to the one described above was used for the structure refinement 
of (9) and (10). The fractional atomic coordinates obtained for (8) were used as the starting 
point. In the case of (9) no indication of the mixed occupation was found for the M(2) position 
and this site was refined as a Ag position. The M(3), M(4), Z(2) and Z(3) positions show the 
mixed occupation. After subsequent refinements the following compositions were obtained: 
M(3) = [50.1(2)% Ag + 49.9(2)% Bi], M(4) = [88.3(4)% Ag + 11.7(4)% Bi], Z(2) = [72.6(6)% 
S +27.4(6)% Br] and Z(3) = [38.9(6)% S +61.1(6)% Br]. The final anisotropic refinement 
after absorption correction and including the secondary extinction correction as well as the 
anisotropic displacement parameters for all atoms in the structure, yielded the final R indices 
given in table 3.4.2. The final formula was refined as Ag5.78(1)Bi6.22(1)S8.44(2)Br7.56(2) (x = 0.72). 
In the refinement of (10), mixed occupation was found only at the positions M(3), Z(2) 
and Z(3). Their compositions were refined as M(3) = [67.6(2)% Ag + 32.4(2)% Bi],  
Z(2) = [50.0(4)% S +50.0(4)% Br] and Z(3) = [15.0(4)% S +85.0(4)% Br] resulting in the 
formula Ag6.72(1)Bi5.28(1)S6.56(2)Br9.44(2) (x = 0.84). 
The structure of (11) was refined using the fractional atomic coordinates of (8) as the 
starting point. The assignment of Se(1) and Br(1) positions was done using the structural 
analogy with (8), (9) and (10) in which both positions were found to be exempted from the 
mixed occupation. In this compound the mixed sites occupation was refined only for metal 
positions. This refinement was unstable for non-metal atom. The final composition of the 
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compound was then calculated using the result of the refinement of the Ag/Bi mixed 
occupation over available metal sites and the general formula established from the refinement 
of (8), (9) and (10). In this calculation we assumed the electroneutrality of the compound and 
the corresponding negative charge necessary to fulfill this condition was obtained by 
assuming that the distribution of Br and Se among remaining anions positions is statistical. 
The mixed occupation was observed in M(3) and M(4) metal positions. After subsequent 
refinements the following occupations were obtained: M(3) = [46.8(4)% Ag + 53.2(4)% Bi],  
M(4) = [92.3(4)% Ag + 7.7(4)% Bi]. The M(2) position was found to be fully occupied by Ag 
atom. The final refinement after absorption correction and including the secondary extinction 
correction as well as anisotropic refinement for all atoms, yielded the final R indices given in 
table 3.4.2. The final formula calculated from this refinement was 
Ag5.72(1)Bi6.28(1)Se8.56(2)Br7.44(2). 
Selected crystallographic data and the result of the structure refinements are given in 
table 3.4.2. The fractional atomic coordinates and isotropic displacement parameters of all 
atoms with estimated standard deviations are given in table 3.4.3. The connectivity between 
cations and anions in the structure with their coordination number are given in table 3.4.4. 
Selected inter-atomic bond distances for all four compounds are compared in table 3.4.5. 
Additional details on the structure refinements of these compounds are given in table A13. 
The anisotropic thermal parameters and selected bonds angles are gathered in tables A14 and 
A15. 
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Table 3.4.3: Atomic coordinates, equivalent isotropic displacement parameters Ueq (pm2) and 
occupancies for all atoms in the asymmetric unit of Ag5.58Bi6.42S8.85Br7.15 (8), 
Ag5.78Bi6.22S8.44Br7.56 (9), Ag6.72Bi5.28S6.56Br9.44 (10) and Ag5.72Bi6.28Se8.56Br7.44 (11). The first 
line corresponds to (8), the second to (9), the third to (10) and the fourth line to (11). Standard 
deviations corresponding to the last digit are indicated in brackets. All atoms are located on 
the mirror plane at y = 0, Q = S, Se. 
Occupation of M and Z positions: M = qBi + (1–q)Ag; Z = qQ + (1–q)Br with 0 ≤ q ≤ 1 
 
Atom Wyck. q x z Ueq 
1 0.2891(1) 0.1368(1) 321(1) 
1 0.2894(1) 0.1370(1) 320(3) 
1 0.29248(5) 0.13474(6) 418(3) 
Bi(1) 4i 
1 0.2910(5) 0.1375(5) 428(3) 
      
0.123(4) 1/2 0 519(5) 
0 1/2 0 449(7) 
0 1/2 0 705(8) 
M(2) 2b 
0 1/2 0 488(6) 
      
0.520(2) 0.6687(1) 0.3631(1) 387(2) 
0.499(2) 0.6687(1) 0.3629(1) 375(4) 
0.324(2) 0.6662(1) 0.3625(1) 531(4) 
M(3) 4i 
0.532(4) 0.6657(7) 0.3701(6) 393(4) 
      
0.042(4) 0 1/2 493(5) 
0.117(4) 0 1/2 454(9) 
0 0 1/2 537(6) 
M(4) 2c 
0.077(4) 0 1/2 386(7) 
      
1 0.9950(1) 0.3073(1) 371(3) 
1 0.9959(2) 0.3075(2) 385(6) 
1 0.9972(1) 0.3076(1) 401(5) 
Br(1) 4i 
1 0.9956(1) 0.3104(1) 356(4) 
      
1 0.8701(2) 0.0422(2) 185(4) 
1 0.8702(4) 0.0417(4) 184(9) 
1 0.8705(3) 0.0420(3) 243(7) 
Q(1) 4i 
1 0.8763(1) 0.0452(1) 222(3) 
(continued on next page) 
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0.732(6) 0.6640(2) 0.1782(2) 317(6) 
0.726(6) 0.6648(3) 0.1781(3) 313(9) 
0.500(4) 0.6639(2) 0.1786(2) 395(9) 
Z(2) 4i 
0.570(1) 0.6640(1) 0.1792(1) 339(4) 
      
0.474(6) 0.3309(1) 0.4273(1) 358(5) 
0.389(6) 0.3317(2) 0.4280(3) 368(9) 
0.150(4) 0.3300(2) 0.4289(2) 464(7) 
Z(3) 4i 
0.570(1) 0.3302(1) 0.4294(1) 319(4) 
 
 
Structure description and discussion 
 
Figure 3.4.1 shows a [010] projection of the structural model associated with the series of 
compounds with general formula Ag8xBi12–8xQ20–16xBr16x–4 where Q = S, Se. These 
compounds crystallize isostructural in the monoclinic space group C2/m and adopt the 
CuBi5S8 [77] structure type. 
 
 
Fig. 3.4.1. The crystal structure of Ag8xBi12–8xQ20–16xBr16x–4 (Q = S, x = 0.70) with atom 
labeling viewed down [010].  
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The asymmetric unit of Ag8xBi12–8xQ20–16xBr16x–4 contains four independent metal 
positions Bi(1), M(2), M(3) and M(4) and four non-metal positions Z(2), Z(3), Q(1) and Br(1) 
(table 3.4.4). The examination of Ag/Bi mixed occupation in Bi(1) position indicated that this 
site in all compounds is fully occupied by Bi atom. The coordination polyhedron around Bi(1) 
is the same as the one described for Bi(1) in the structure of Ag4xBi8–4xS12–8xBr8x (Fig. 3.4.2). 
M(2), M(3) and M(4) in the structure of Ag8xBi12–8xQ20–16xBr16x–4 show octahedral 
environment with various degree of distortion depending on the composition of their 
coordination and also on the type of atom (Ag or Bi) predominantly found in these sites. The 
coordination polyhedron around M(2) is the more distorted with two short (M–Z) bonds in 
trans position and four more elongated (M–Q) bonds in the square plane. Similar distortion is 
found for the octahedron around the M(2) position in the structures of AgBi2S2Cl3, AgBiSCl2 
and Ag4xBi8–4xS12–8xBr8x. The M(2) positions in these compounds are predominantly occupied 
by Ag atom. This observation is in agreement with the results of our refinement, which show 
that the M(2) position is more preferred by Ag atom. The content of Ag obtained at this 
position are 87.7% in (8), 100% in (9), (10) and (11). 
 
Table 3.4.4: Connectivity of cations and anions in the structure of Ag8xBi12–8xQ20–16xBr16x–4 
with their coordination number 
 
Atom Br(1) Q(1) Z(2) Z(3) CN 
Bi(1) 2/2 3/3 2/2 0/0 7 
M(2) 0/0 4/2 2/1 0/0 6 
M(3) 2/2 0/0 1/1 3/3 6 
M(4) 2/1 0/0 0/0 4/2 6 
CN 5 5 4 5  
 
 
The M(3) position shows a different type of distortion with short bonds trans to long 
bonds. In the case of pure Bi position the distortion is more pronounced and the coordination 
polyhedron resembles to a trigonal bipyramid. In our case Bi atoms slightly dominated at this 
position. The observed Bi content is 52% in (8), 50% in (9), and 53.2% in (11). The geometry 
of the coordination polyhedron observed is thus intermediate between the trigonal 
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bipyramidal geometry observed for pure Bi position and the [2+4] flattened octahedron found 
for pure Ag position.  
 
 
Fig. 3.4.2. Environment of cations and anions in Ag8xBi12–8xQ20–16xBr16x–4  
(Q = S; x = 0.70 (8)), ellipsoids correspond to 95% probability level. Bond distances are 
compared in table 3.4.5 
 
 
The geometry of the coordination polyhedron around M(3) is thus strongly influenced 
by the occupation of the site (amount of Bi found at the position). The distortion of the 
coordination polyhedron around M(4) is similar to that observed for M(2) position. However, 
the distortion in this case is less pronounced due to the nature of element forming the 
coordination. The M(4) forms the octahedral coordination with two Br(1) atoms in trans 
position and four Z(3) atoms in the square plane. As also found in M(2) the results of our 
refinements show that the Ag atom strongly dominated at M(4) position. The observed Ag 
content is 95.8% in (8), 88.3% in (9) and 92.3% in (10) (Table 3.4.3).  
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Table 3.4.5: Selected inter-atomic bond distances (in pm) in Ag5.58Bi6.42S8.85Br7.15 (8), 
Ag5.78Bi6.22S8.44Br7.56 (9), Ag6.72Bi5.28S6.56Br9.44 (10) and Ag5.72Bi6.28Se8.56Br7.44 (11). Standard 
deviations corresponding to the last digit are indicated in brackets.  
Operators for generating equivalent atoms: (i) 1–x, –y, –z; (ii) x–1/2, y–1/2, z;  
(iii) x–1/2, 1/2+y, z; (iv) x, y–1, z; (v) x, 1+y, z; (vi) 3/2–x, 1/2–y, –z; (vii) 3/2–x, –1/2–y, –z; 
(viii) 1/2+x, 1/2+y, z; (ix) 1/2+x, y–1/2, z; (x) 1–x, –y, 1–z; (xi) 1+x, y, z; (xii) –1+x, y, z;  
(xiii) 1/2–x, 1/2–y, 1–z; (xiv) 1/2–x, –1/2–y, 1–z.  
 
 (8) x = 0.70 (9) x = 0.72 (10) x = 0.84 (11) x = 0.715
Bi(1) — Q(1i) 257.8(4) 258.1(6) 258.5(6) 271.1(4) 
              Z(2ii, 2iii) 284.9(7) 285.0(1) 291.4(4) 294.6(6) 
              Q(1ii, 1iii) 288.7(9) 290.1(2) 287.0(4) 299.1(8) 
              Br(1ii, 1iii) 349.6(4) 351.0(6) 350.9(9) 356.8(3) 
     
M(2) — Z(2, 2i) 259.8(4) 260.8(6) 260.8(6) 265.9(4) 
             Q(1ii, 1iii, 1vi, 1vii) 289.7(7) 290.1(2) 291.0(4) 293.9(6) 
     
M(3) — Z(2) 261.3(3) 261.9(5) 263.7(4) 281.6(2) 
             Z(3viii, 3ix) 284.6(2) 286.1(2) 286.8(6) 292.4(10) 
             Br(1ii, 1iii) 294.9(2) 295.0(2) 291.7(6) 294.5(2) 
             Z(3x) 298.7(2) 298.9(4) 298.5(4) 297.4(10) 
     
M(4) — Br(1x, 1xii) 272.2(2) 272.8(3) 275.7(2) 278.3(2) 
             Z(3ii, 3iii, 3xiii, 3xiv) 290.7(2) 290.9(3) 292.3(2) 297.0(2) 
 
 
The Q(1) and Br(1) positions in all these compounds show no mixed occupation. The 
Q(1) atom is located in a distorted square pyramid with two M(2) and three Bi(1) atoms. The 
Br(1) atom also shows a distorted square pyramidal coordination with two M(3) two Bi(1) and 
one M(4) atoms. The Z(2) position in Ag8xBi12–8xQ20–16xBr16x–4 is located in a distorted 
tetrahedral coordination with one M(2), one M(3) and two Bi(1) atoms. This position, which 
acts as the connecting point between the two building units, is the most vulnerable anion 
position and exhibits Q/Br mixed occupation. The occupation of this site is strategic for the 
Ag/Bi distribution over octahedral metal positions in the structure (Fig. 3.4.4) and also for the 
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transfer of charge fluctuation from one layer type to the other. According to the results of our 
refinement the amount of Q found at Z(2) position decrease with the increasing of Ag content 
in the octahedral metal positions. The observed compositions are 73.2% in (8), 72.6% in (9) 
and 50% in (10). The value tabulated for the selenium compound is only theoretical due to the 
fact that it was not possible to refine the occupation of Se and Br. However according to the 
results obtained for the sulphur analogue compounds, a value near to 73% Se may be 
reasonable for this position. The Z(3) position is surrounded by three M(3) and two M(4) atom 
in form of a distorted square pyramidal coordination. The geometry as well as the degree of 
distortion of the coordination polyhedron strongly depend on the composition of the metal 
sites that form the coordination (Table 3.4.5). The Z(3) position also exhibits Q/Br disorder as 
a response to the Ag/Bi disorder observed at M(3) and M(4) positions. In contrary to the Z(2) 
position in which Q atoms strongly dominate Z(3) shows slight preference for Br atoms.  
As highlighted in figure 3.4.1, the structure of Ag8xBi12–8xQ20–16xBr16x–4 consists of two 
alternating types of layers parallel to (001). The layer type denoted A, is similar to the one 
already described in the structure of Ag4xBi8–4xS12–8xBr8x (section 3.2.2). The layer type 
denoted B is built according to the principle described for Ag6xBi10x–6xS16–12xCl12x–2. In the 
present case the layer B compared to the structure of Ag6xBi10x–6xS16–12xCl12x–2 has won one 
octahedron ([MZ]) in the c-direction to increase its size (Fig. 3.4.3). The augmentation of the 
number of octahedra within the diagonal chain of edge-sharing octahedra running across the 
layer B yields to the increasing of the c parameter and also to the modification of the 
monoclinic angle. This building principle almost keep constant a and b parameters. In the 
present structure the layer B is three octahedra thick. This building unit can also be regarded 
as an excised block with a thickness of three octahedra from the NaCl lattice. 
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Fig. 3.4.3. Comparison of the structure of Ag6xBi10–6xS16–12xCl12x–2 N = 2 (left) with the 
structure of Ag8xBi12–8xQ20–16xBr16x–4 (Q = S, Se) N = 3 (right) viewed down [010]. The layer 
A is essentially the same in both structures. These structures differ only from the thickness of 
the layer B. Layer B in Ag8xBi12–8xQ20–16xBr16x–4 is one octahedron thicker than in  
Ag6xBi10–6xS16–12xCl12x–2. 
 
 
As could be expected form the difference between the radii of S and Se atoms, the 
lattice parameters of the isostructural sulphides and selenides compounds also change in the 
same direction. However, the degree of expansion of these parameters depends on the 
crystallographic direction. The variability along the [100] and [010] directions is almost the 
same (∆a/a = 1.8 %; ∆b/b = 2.2 %) with a slightly higher expansion along [001]  
(∆c/c = 3.6 %). The inter-atomic bond distances in these compounds also evolve in the same 
way (Table 3.4.5). 
Similar structure type was reported for CuBi5S8 [77]. In the structure of CuBi5S8 the 
M(1), M(3) and M(4) positions are fully occupied by Bi atoms. The copper atom is found in 
tetrahedral coordination statistically distributed around the “empty” octahedral position M(2). 
The metal atom host at this position generally displays very large thermal parameters. This 
behaviour is connected with the environment of the site (geometry of the coordination 
polyhedron and the second coordination sphere) and the nature of metal atom found at this 
position. The first coordination sphere around M(2) is bounded at the interface with the layer 
B by “empty” triangular channels susceptible to host additional metal atoms. The existence of 
these channels offer to the metal atom at the M(2) position enough space and cause them to 
vibrate within this crystallographic site. For atoms with small size such as Cu (CuBi5S8) the 
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thermal motion becomes extraordinary larger causing the atom to be split into two positions 
with tetrahedral coordination. Due to the presence of the two-fold axis going through this 
position the two split positions are statistically distributed around the ideal octahedral 
environment. For more heavy atoms such as Ag large thermal motion is also observed but the 
distorted octahedral coordination is kept.  
 
 
Fig. 3.4.4. A representation of the structure of Ag8xBi12–8xQ20–16xBr16x–4 showing the tri-
dimensional network of edges and vertices-sharing octahedra within which the randomness of 
charge and mass is observed in the structure.  
 
The mixed site occupation among Ag and Bi on one hand and Q and Br on the other 
hand as was also demonstrated in the structures of Ag4xBi8–4xS12–8xBr8x (section 3.2.2) and 
Ag6xBi10–6xS16–12xCl12x–2 (section 3.3), occur within the three-dimensional network of edges 
and vertices connected octahedra (Fig. 3.4.4). This double substitution process both in cations 
and anions positions is characteristic of this series of compounds. The exchange process is 
performed so that the electroneutrality of the compound is always preserved and therefore 
yield to a continuous spectrum of isostructural compounds. Following this analysis and 
according to the structure refinement of the present four members of the series, 
[BiQBr]2·[AgxBi(1–x)Q2(1–x)Br(2x–1)]4 with Z = 2 (0.5 ≤ x ≤ 1) represents the best structural 
formula for this family of compound. According to this formula the intermediate 
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compositions of the series range between the two isostructural end members Ag4Bi8Q12Br4 (x 
= 0.5) and Ag8Bi4Q4Br12 (x = 1). 
As demonstrated above, the structures of Ag4xBi8-4xS12-8xBr8x, Ag6xBi10-6xS16-12xCl12x-2 
and Ag8xBi12–8xQ20–16xBr16x–4 are closely related. The relationship between these three families 
of compounds can easily be seen if the general formulae are broken into two “neutral” parts, 
the ternary BiQX part that corresponds to the three unsubstituted positions (Bi(1), Q(1) and 
X(1)) found in these structures and the [MZ] = [AgxBi(1–x)Q2(1–x)X(2x–1)] part representing the 
three-dimensional network of edges and vertices connected octahedral within which the 
mixed occupation takes place. Therefore, the formulae can be written as [BiSBr]4·[MZ]4 for 
Ag4xBi8–4xS12–8xBr8x, [BiSCl]4·[MZ]6 for Ag6xBi10–6xS16–12xCl12x–2 and [BiQBr]4·[MZ]8 for 
Ag8xBi12–8xQ20–16xBr16x–4. Following this analysis Ag8xBi12–8xQ20–16xBr16x–4 can be obtained by 
successive addition of neutral [MZ] units to Ag4xBi8–4xS12–8xBr8x according to the equation 
[BiSBr]2·[MZ]2 + 2[MZ] = [BiSBr]2·[MZ]4 (for two formula units in the unit cell). These three 
families of compounds are therefore members of the homologous series [BiQX]2·[MZ]N+1  
(Q = S, Se; X = Cl, Br) (Z = 2) in both structural and compositional senses. This structural 
homology is flexible enough to keep the fundamental framework through successive addition 
of [MZ] equivalents by adjusting the width of the NaCl-like layer B. The investigation of 
homologues with higher order that can be predicted from the series [BiQX]2·[MZ]N+1 will be 
interesting. The modular description of this type of compound is a major underlying 
characteristic and describing them in this fashion makes understanding of their structure and 
their inter-relationships easier to achieve. The modular concept is also expected to be useful in 
the prediction of new compounds based on different sizes and shapes of the B module. 
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3.5  Syntheses and crystal structures of Ag10xBi14–10xQ24–20xX20x–6  
(Q = S, Se; X = Cl, Br); N = 4 
 
3.5.1  Syntheses 
 
Ag6Bi8S12Cl6 (12) (x = 0.60): Single crystals of (12) were obtained by direct combination of 
AgCl and Bi2S3 in the molar ratio 3:2 at 740 K. The mixture of the starting material was well 
ground and flame-sealed in an evacuated silica tube. The tube was placed in a tubular oven 
and heated up to 740 K in 4 h. The ampoule was isothermed at that temperature for 7 days 
followed by a rapid cooling to room temperature. The resultant product was a polycrystalline 
ingot containing black plate-like single crystals of the desired compound. 
 
Ag6.98Bi7.02S10.04Br7.96 (13) (x = 0.70): The procedure used for the synthesis was similar to the 
one described in section 3.4 for the synthesis of Ag5.58Bi6.42S8.85Br7.15 (x = 0.70). The starting 
mixture was AgBr, BiSBr and Bi2S3 in the molar ratio 7:1:3. The product was polycrystalline 
mixture containing black plate crystals with various dimensions.  
 
Ag6.80Bi7.20Se10.40Br7.60 (14) (x = 0.68): (14) was synthesized by annealing a mixture of AgBr, 
BiSeBr and Bi2Se3 in the molar ratio 7:1:3 at 710 K. The mixture of starting materials was 
well ground and loaded into a silica tube which was flame-sealed under a pressure of  
10–2 Torr. The tube was heated to 710 K in 24 h, kept at that temperature for 24 h, further 
slowly heated up to 800 K for 2 h. The oven was then slowly cooled down to 700 K, 
isothermed for 24 h and then rapidly cooled to room temperature. The product was a 
polycrystalline mixture of black plate crystals with various dimensions. Additional 
experimental details are given in table 3.5.1. 
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Table 3.5.1: Parameters for the synthesis of Ag10xBi14–10xQ24–20xX20x–6 
 
 Ag6Bi8S12Cl6  
(x = 0.60)  
Ag6.98Bi7.02S10.04Br7.96  
(x = 0.70)  
Ag6.80Bi7.20Se10.40Br7.60  
(x = 0.68) 
Starting 
materials 
AgCl + BiSCl + Bi2S3 AgBr + BiSBr + Bi2S3 AgBr + BiSeBr + Bi2Se3 
Composition  3:0:2 7:1:3 7:1:3 
Temperature 
program 
(1) RT to 740 K in 4 h, 
(2) 740 K for 7 days 
following by rapid cool to 
RT. 
(1) RT to 570 K in  
24 h;  
(2) 570 K for 2 days; 
(3) 570 K to 720 K in  
5 h; 
(4) 720 K for 3 days 
followed by cooling to 
RT at 5 K/h 
(1) RT to 710 K in 24 h; 
(2) 710 K for 2 days;  
(3) 710 K to 800 K  
in 4 h;  
(4) 800 K for 2 h; 
(5) 800 K to 700 K in 5 
h; (6) 700 K for 24 h 
followed by rapid cool to 
RT 
Total mass 300 mg 
Colour; 
shape  
Black; plate –like needle 
 
 
3.5.2  EDX analysis  
 
The standardless EDX- analysis was carried out on single crystal corresponding to the phase 
(13). The crystal was first checked to the Buerger precession camera for the identification. 
The lattice parameters obtained were close to those of the crystal (from the same preparation) 
used for the structure determination. The aim of this investigation was only to check the 
quaternary composition of the crystal. The procedure used for the experiment was similar to 
the one described in section 3.2.2.2 for Ag2.54Bi5.46S6.92Br5.08. The result obtained shows the 
presence of all four elements in the crystal (Fig. 3.5.1). 
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Fig. 3.5.1. EDX spectrum of Ag6.98Bi7.02S10.04Br7.96. 
 
 
3.5.3  Crystallography 
 
X-ray powder diffraction 
 
The powder diffraction diagram of ground crystals of the same type shows close similarity 
with the theoretical pattern calculated from the crystal structure of Ag6.98Bi7.02S10.04Br7.96  
(Fig. 3.5.2). We thus consider that the crystal used for the measurement of the electrical 
resistivity (section 3.5.4) at least belongs to the Ag10xBi14–10xS24–20xBr20x–6 family. 
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Fig. 3.5.2. Comparison of the experimental powder diagram of Ag6.98Bi7.02S10.04Br7.96 with the 
theoretical pattern calculated from the crystal structure (λ = 1.540598 Å). 
 
 
Precession photographs 
 
All crystals used for the structure determination were checked to the Buerger precession 
camera for the identification and also to appreciate their diffraction quality. The rough lattice 
parameters of each compound were calculated from the recorded precession photographs. The 
similarity in the distribution of reflections in the reciprocal lattice observed on the 
photographs suggests that these compounds are isostructural. The reflection condition 
observed were h+k = 2n for all hkl indicating C2, Cm and C2/m as space groups alternatives. 
 
Collection of intensity data and structure determination 
 
Single crystals of each compound of good diffraction quality were selected for the collection 
of intensity data. Information about the parameters of measurements is given in table A16. 
The structure solution of (13) was obtained in the space group type C2/m using the 
direct methods [P7] and the refinement was done by the full-matrix least squares technique 
[P7]. All the four metal positions Bi(1), Bi(2) = {M(3)}, Bi(3) = {M(4)} and Ag(1) = {M(2)} 
together with the five anion positions S(1), S(2) = {Z(2)}, S(3) = {Z(3)}, Br(1) and Br(2) = 
{Z(4)} of the asymmetric unit were automatically obtained. The examination of the thermal 
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parameters of these positions reveals that Bi(2), Bi(3) and Br(2) display very high values 
compared to those of Bi(1) and Br(1). This suggests the substitution by lighter element i.e. Ag 
at Bi(2) and Bi(3), and S at Br(2) positions. On the other hand, the thermal parameters of S(2) 
and S(3) were small and a disorder model with Br at S(2) and S(3) positions was considered 
for these sites. The refinement of this model was performed in a way similar to the ones 
described before. No vacancy was considered for these positions and each mixed position was 
constrained to be fully occupied. Subsequent refinement cycles confirmed this model with 
more convergence of the thermal parameters of different atoms. In the final cycle the 
absorption correction and the secondary extinction correction as well as the anisotropic 
refinement for all atoms were applied. The final compositions obtained were:  
M(3) = [62.7(2)% Ag + 37.3(2)% Bi], M(4) = [61.7(2)% Ag + 38.3(2)% Bi], Z(2) = [68.9(2)% 
S + 31.1(2)% Br], Z(3) = [51.8(2)% S + 48.2(2)% Br], Z(4) = [61.0(2)% S + 39.0(2)% Br]. 
The M(2) position was found to be fully occupied by Ag atoms. The formula of the compound 
based on this refinement was Ag6.98(1)Bi7.02(1)S10.04(2)Br7.96(2). 
For the refinement of the structure of (12) the fractional atomic coordinates of (13) 
were used as the starting model. The analogy with the above refined structures allows to 
discriminate the S(1) and Cl(1) positions. In the course of the refinement, the mixed 
occupation was considered only between Ag and Bi. The remaining anion positions Z(2), Z(3) 
and Z(4), which always exhibit mixed occupation, were first considered as S positions. The 
distribution of Cl and S over these positions was done using the result of the refinement 
between metal atoms and also by considering the electroneutrality requirements of the 
compound. This distribution was later supported by the calculation of the bond valence sums 
(Table 3.5.2). The procedure of the refinement was similar to the ones described above. The 
mixed site occupation was established only in M(3) and M(4) positions. The final 
compositions obtained were: M(3) = [40.8(2)% Ag + 59.2(2)% Bi], M(4) = [58.1(2)% Ag + 
41.9(2)% Bi]. The M(2) position was found to be fully occupied by Ag atom. The resultant 
formula calculated from this refinement was very close to Ag6Bi8S12Cl6. 
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Table 3.5.2: Bond valence sums around anions in Ag6Bi8S12Cl6 
 
Atom Expected Calculated 
Cl(1) 1 1.23 
S(1) 2 1.97 
Z(2) = S(2) 2 2.32 
Z(3) = S(3) 2 2.15 
Z(4) = Cl(2) 1 1.15 
 
 
In the refinement of the structure of (14), the atomic parameters of (13) were also used as the 
starting positions. The differentiation between Se(1) and Br(1) atoms was done by analogy 
with the structure of (13). The rest of anion positions were kept as Se during the refinement in 
which only mixed occupation among cations was involved. The distribution of Se and Br 
atoms over the remaining anion positions was supported by the Ag and Bi ratio obtained from 
the refinement and by considering the electroneutrality of the compound. This distribution 
was also confirmed by the calculation of the bond valence sums for anion positions. The 
procedure of the refinement was the same as the ones described above. In the present case the 
Ag/Bi mixed occupation was found in M(2), M(3) and M(4) positions. The final compositions 
obtained from this refinement were: M(2) = [87.2(2)% Ag + 12.8(2)% Bi], M(3) = [72.1(2)% 
Ag + 27.9(2)% Bi], M(4) = [52.7(2)% Ag + 47.3(2)% Bi]. The final formula of the compound 
calculated from the refinement was Ag6.80(1)Bi7.20(1)Se10.40(2)Br7.60(2).  
Selected crystallographic data and the results of the refinements for all four 
compounds are summarized in table 3.5.3. Fractional atomic coordinates and equivalent 
isotropic temperature factors of all atoms with estimated standard deviations are given in table 
3.5.4. In order to facilitate the comparison, these parameters for all four compounds were 
grouped in the same table according to the Wyckoff positions. The connectivity between 
cations and anions with their coordination number in the structural model connected to this 
class of compounds is given in table 3.5.5. Inter-atomic distances are given in table 3.5.6. 
Additional information on the collection of intensity data and the structure determination are 
given in table A16. The anisotropic thermal parameters and selected bonds angles are 
gathered in tables A17 and A18. 
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Table 3.5.3: Selected crystallographic data for Ag6Bi8S12Cl6 (12), Ag6.98Bi7.02S10.04Br7.96 (13) 
and Ag6.80Bi7.20Se10.40Br7.60 (14) 
 
Formula Ag6Bi8S12Cl6 Ag6.98Bi7.02S10.04Br7.96 Ag6.80Bi7.20Se10.40Br7.60
Crystal system – monoclinic – 
Space group – C2/m (No. 12) – 
a (pm) 1329.8(3)  1340.7(1) 1372.8(2)  
b (pm) 403.3(1)  407.6(1) 417.6(1)  
c (pm) 1471.8(3) 1501.3(1) 1535.6(3) 
β (°) 99.2(1) 98.7(1) 99.3(1) 
V (106 pm3) 779.2(1) 811.1(1) 868.8(3) 
Z 1 
Temperature (K) 297(1) 
Rint 0.048 0.049 0.040 
R1(Fo > 4σ(Fo)) 0.037 0.043 0.044 
wR2 (all) 0.092 0.106 0.093 
GooF 1.039 1.061 1.083 
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Table 3.5.4: Atomic coordinates, equivalent isotropic displacement parameters Ueq (pm2) and 
occupancies for all atoms in the asymmetric unit of Ag6Bi8S12Cl6 (12), Ag6.98Bi7.02S10.04Br7.96 
(13) and Ag6.80Bi7.20Se10.40Br7.60 (14). The first line corresponds to (12), the second to (13) and 
the third to (14).  Standard deviations corresponding to the last digit are indicated in brackets. 
All atoms are located on the mirror plane at y = 0. Occupation of M and Z positions:  
M = qBi + (1–q)Ag; Z = qQ + (1–q)X with 0 ≤ q ≤ 1. Q = S, Se; X = Cl, Br 
 
Atom Wyck. q x z Ueq 
1 0.2516(1) 0.1245(1) 328(3) 
1 0.2498(1) 0.1210(1) 345(3) 
1 0.2493(1) 0.1234(1) 414(2) 
Bi(1) 4i 
    
0 1/2 0 341(6) 
0 1/2 0 428(5) 
0.128(2) 1/2 0 416(6) 
M(2) 2b 
    
0.592(2) 0.5588(1) 0.3201(1) 326(4) 
0.373(2) 0.5622(1) 0.3200(1) 397(3) 
0.279(2) 0.5552(1) 0.3238(1) 409(4) 
M(3) 4i 
    
0.419(2) 0.8513(1) 0.4407(1) 308(5) 
0.383(2) 0.8530(1) 0.4436(1) 417(5) 
0.473(2) 0.8505(1) 0.4425(1) 348(3) 
M(4) 4i 
    
0 0.9080(4) 0.2706(3) 351(10) 
0 0.9063(2) 0.2707(1) 415(5) 
0 0.9069(1) 0.2712(1) 341(3) 
X(1) 4i 
    
1 0.8594(3) 0.0366(3) 202(9) 
1 0.8582(3) 0.0364(2) 202(7) 
1 0.8630(1) 0.0391(1) 208(3) 
Q(1) 4i 
(continued on next page) 
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1 0.6176(3) 0.1574(3) 291(10) 
0.689(2) 0.6136(2) 0.1590(2) 345(10) 
0.200(2) 0.6129(1) 0.1617(1) 313(3) 
Z(2) 4i 
    
1 0.2010(4) 0.3828(4) 410(10) 
0.518(2) 0.2023(2) 0.3837(2) 430(10) 
1 0.2017(1) 0.3843(1) 335(3) 
Z(3) 4i 
    
0 1/2 1/2 403(3) 
0.610(2) 1/2 1/2 412(3) 
Z(4) 2d 
0.800(2) 1/2 1/2 302(4) 
 
 
Structure description and discussion 
 
(12), (13) and (14) are three first members of the newly identified family of compounds with 
general formula Ag10xBi14–10xQ24–20xX20x–6 where Q = S, Se; X = Cl, Br. These compounds are 
isopointal and crystallize in the monoclinic space group C2/m and adopt the “AgBi6S9” (ideal 
formula Ag1.5Bi5.5S9) structure-type [79]. The structural motive associated with this family of 
compounds is shown in figure 3.5.3.  
The asymmetric unit of Ag10xBi14–10xQ24–20xX20x–6 contains four independent metal 
positions Bi(1), M(2), M(3) and M(4) and five non-metal positions Z(2), Z(3), Z(4), Q(1) and 
X(1) (Table 3.5.5). The Bi(1) positions in all compounds were found to be exempted from the 
Ag/Bi mixed occupation. Likewise, the examination of Q/X disorder in anion positions shows 
that the Q(1) and X(1) positions in all compounds are fully occupied by chalcogen and 
halogen respectively.  
The coordination of the Bi(1) atom is similar to the ones previously described for 
equivalent atoms in the structures of Ag4xBi8–4xS12–8xBr8x (section 3.2.2),  
Ag6xBi10–6xS16–12xCl12x–2 (section 3.3) and Ag8xBi12–8xQ20–16xBr16x–4 (section 3.4) (Fig. 3.5.4). 
The bond distances and thus the geometry of the monocapped trigonal prisms around Bi(1) 
vary significantly when the nature of the chalcogen and/or the halogen atoms is changed 
(Table 3.5.6). Interestingly, the variation of the bond length is in agreement with the variation 
of the ionic effective radii of Cl, Br, S and Se atoms [127] and the type of distortion of the 
coordination polyhedron is also maintained. The stability of the geometry of the coordination 
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polyhedron around Bi(1) in these compounds supports the idea that the structure type 
associated to this family may be adaptable to many other systems by just replacing at a given 
position one atom by another one of similar size. 
 
 
Fig. 3.5.3. The crystal structure of Ag10xBi14–10xQ24–20xX20x–6 (Q = S; X = Br; x = 0.70 (13)) 
with atom labeling projected along [010]. 
 
 
Table 3.5.5: Connectivity of cations and anions in the structure of Ag10xBi14–10xQ24–20xX20x–6 
with their coordination number 
 
Atom X(1) Q(1) Z(2) Z(3) Z(4) CN 
Bi(1) 2/2 3/3 2/2 0/0 0/0 7 
M(2) 0/0 4/2 2/1 0/0 0/0 6 
M(3) 2/2 0/0 1/1 2/2 1/2 6 
M(4) 1/1 0/0 0/0 3/3 2/4 6 
CN 5 5 4 5 6  
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The Bi atom inside the coordination polyhedron is shifted from the centroïd toward the apical 
Q(1) atom that forms the cap of the prism. This displacement that might be connected with the 
stereoactivity of the lone pair of Bi atom increases when we move from Cl to Br on one hand 
and from S to Se on the other hand. This is probably due to the augmentation of the size 
(volume) of the coordination polyhedron, which is connected to the variation of the nature of 
Q and or X atoms.  
The M(2), M(3) and M(4) positions in the structure show octahedral environment with 
various degree of distortion. The distortion of these polyhedra depends on their position in the 
structure, on the nature of ligands that form the coordination and also on the type of atom (Ag 
or Bi) predominantly found in these sites. For example it can be observed that all octahedra 
around special positions in the structure present the same type of distortion namely a 
distortion towards a linear coordination [2+4] geometry with two short bonds in trans 
positions and four more elongated bonds in square plane (see coordination of M(2) and Z(4)). 
Octahedra around general positions are distorted towards a trigonal bipyramid with short 
bonds trans to long bonds [MZ3+3] (coordination of M(3) and M(4)). The first type of 
distortion is commonly found for Ag atoms in the structure of many silver containing 
sulphides while the second one corresponds to the usual coordination of Bi atom found in 
many multinary bismuth sulphides and sulphosalts. In the present compounds a situation 
intermediate to these two cases is sometimes observed due to the mixed occupation found in 
some positions. The M(2) position adopts the first type of distortion and, as could be 
expected, this position was found to be more preferred by Ag atom. The compositions 
obtained from the refinement are 100% Ag in (13), 100% Ag in (12) and 87.2% Ag in (14). 
The M(3) and M(4) positions exhibit an intermediate situation. The geometry of these 
coordinations can be represented by [MZ1+2+2+1] for M(3) or [MZ1+1+2+2] for M(4) (Table 
3.5.6). The refinements show that these two positions present similar affinity for Ag and Bi 
and are therefore intensive mixed occupied by both atoms. 
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Fig. 3.5.4. Environment of cations and anions in Ag10xBi14–10xQ24–20xX20x–6 (Q = S, X = Br, x = 
0.70 (13)) (Ellipsoids correspond to 95% probability level). The corresponding bond distances 
are compared in table 3.5.6. 
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Table 3.5.6: Selected inter-atomic bond distances (in pm) in Ag6Bi8S12Cl6 (12), 
Ag6.98Bi7.02S10.04Br7.96 (13) and Ag6.80Bi7.20Se10.40Br7.60 (14). Standard deviations 
corresponding to the last digit are indicated in brackets. Operators for generating equivalent 
atoms: 
(i) 1–x, –y, –z; (ii) x –1/2, y –1/2, z; (iii) x –1/2, 1/2+y, z; (iv) 3/2–x, 1/2–y, –z;  
(v) 3/2–x, –1/2–y, –z; (vi) 1/2+x, 1/2+y, z; (vii) 1/2+x, –1/2+y, z; (viii) 1–x, –y, 1–z. 
 
 (12) x = 0.60 (13) x = 0.70 (14) x = 0.68 
Bi(1) — Q(1)i 258.5(5) 258.0(2) 271.4(2) 
              Z(2ii, 2iii) 278.5(10) 285.1(4) 292.6(4) 
             Q(1ii, 1iii) 289.6(2) 290.4(7) 302.0(7) 
             X(1ii, 1iii) 340.4(4) 349.1(2) 355.1(2) 
    
M(2) — Z(2, 2i) 258.0(5) 263.1(2) 270.6(2) 
             Q(1ii, 1iii, 1iv, 1v) 285.9(2) 289.5(5) 293.7(4) 
    
M(3) — Z(2) 263.5(3) 261.2(7) 273.2(7) 
             Z(3vi, 3vii) 281.7(2) 283.8(7) 294.4(6) 
             X(1ii, 1iii) 285.5(2) 293.3(5) 293.7(6) 
             Z(4) 287.8(3) 294.5(8) 292.5(7) 
    
M(4) — X(1) 272.7(3) 279.4(7) 285.9(7) 
              Z(3viii) 279.5(3) 280.4(8) 286.5(7) 
              Z(4vi, 4vii) 286.1(2) 287.3(6) 295.7(6) 
              Z(3vi, 3vii) 287.1(2) 291.5(6) 296.1(6) 
 
 
The coordination of Q(1), X(1) and Z(2) is similar to that of the corresponding atoms 
in the structure of Ag8xBi12–8xQ20–16xBr16x–4 (N = 3) and the description of these polyhedra can 
be easily transferred to the present case. The Z(3) position adopts the same coordination as the 
corresponding position in Ag8xBi12–8xQ20–16xBr16x–4 (square pyramid) but the type of metal 
atom that form the top of the pyramid makes the different between them. In  
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Ag8xBi12–8xQ20–16xBr16x–4 (section 3.4) the top of the pyramid is formed by M(3) atom while in 
the present structure, this position change to M(4). The additional Z(4) position that 
differentiate the present structure (N = 4) to that of Ag8xBi12–8xQ20–16xBr16x–4 (N = 3) is 
octahedrally coordinated by four M(4) atoms forming with the central atom equatorial bonds 
and two M(3) forming the apical trans bonds (Fig. 3.5.4). The geometry of this polyhedron 
change from [ZM4+2] in (13) and (12) to [ZM2+4] in (14). 
The Z(2) position in this structure plays the same role as the corresponding position in 
the structures previously described. The occupation of this position is crucial for the 
distribution of Ag and Bi within the network of edge-sharing octahedra of the layer B and the 
isolated octahedron of the layer A (Fig. 3.5.5) and is for this reason strategic for the charge 
balance throughout the structure.  
 
 
Fig. 3.5.5. A representation of the structure of Ag10xBi14–10xQ24–20xX20x–6 showing the three-
dimensional network of edges and vertices-sharing octahedra.  
 
 
As highlighted in the figure 3.5.3, the structure of Ag10xBi14–10xQ24–20xX20x–6 is built up 
of two alternating kinds of layers parallel to the ab planes. These building units are closely 
related to those already described in sections 3.2.2, 3.3 and 3.4 for the structures of  
Ag4xBi8–4xS12–8xBr8x, Ag6xBi10–6xS16–12xCl12x–2 and Ag8xBi12–8xQ20–16xBr16x–4 respectively. The 
layer type denoted A is essentially the same in all these structures. The second building unit 
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denoted B in the present structure is one octahedron thicker than the corresponding one found 
in the structure of Ag8xBi12–8xQ20–16xBr16x–4 (Fig. 3.5.6.).  
The variation of the lattice parameters with the nature of chalcogen and halogen atoms 
is in agreement with the evolution of their atom radii. However, the expansion of the unit cell 
is anisotropic. The variability is smaller (∆a/a = 1.1 %, ∆b/b = 1.1 %, ∆c/c = 2.0 %) when we 
change only the nature of X atoms (from Cl to Br) than when we move from S to Se  
(∆a/a = 2.1 %, ∆b/b = 2.4 %, ∆c/c = 2.3 %). 
As already mentioned for the three families of compounds presented before (sections 
3.2.2, 3.3 and 3.4), the increasing number of independent positions in the structure of 
Ag10xBi14–10xQ24–20xX20x–6 and the diversity of size and local coordination environment 
presented by these positions reduce considerably the chance of making a true solid solution 
with random distribution of Ag and Bi among metal positions and of Q and X in non-metal 
positions. For this reason the mixed occupation observed simultaneously in cation and anion 
positions corresponds more and more to a cooperative arrangement of atoms inside the three-
dimensional framework of edges and vertices connected octahedra in order to achieve more 
favorable structure. Thus the composition of individual member of the series observed seems 
to depend on two major factors: the composition of the mixture of starting materials and also 
on the condition of synthesis (the temperature of the oven during the crystal growth). 
 
 
Fig. 3.5.6. Comparison of the structure of Ag8xBi12–8xQ20–16xBr16x–4 (left) with the structure of 
Ag10xBi14–10xQ24–20xX20x–6; Q = S, Se; X = Cl, Br (right) viewed down [010]. Both structures 
differ only from the thickness of the layer B.  
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The variety of stoichiometry obtained from the structure refinements due to the mixed 
occupation could be generalized according to the formula Ag10xBi14–10xQ24–20xX20x–6. As also 
demonstrated in section 3.4, this formula can be well understood if it is broken into two parts 
corresponding to the positions “free” of mixed occupation [BiQX] and the network of 
octahedra affected by the mixed occupation [MZ] = [AgxBi(1–x)Q2(1–x)X(2x–1)]. Following this 
partition the general formula for N = 4 compounds can be written as  
[BiQX]4·[AgxBi(1–x)Q2(1–x)X(2x–1)]10 (0.5 ≤ x ≤ 1) or better [BiQX]2·[AgxBi(1–x)Q2(1–x)X(2x–1)]5 
with two formulae in the unit cell. According to this formula intermediate compositions of the 
series range between the two isostructural end members Ag5Bi9Q14X4 (x = 0.5) and 
Ag10Bi4Q4X14 (x = 1). The close relationship between this family of compounds and the 
families previously described can be well expressed in the context of the homologous series 
defined in section 3.4. 
The discovery of this family of isopointal (only minor change are observed in the 
fractional atomic coordinates of corresponding positions when we move from Cl to Br on one 
hand and from S to Se on another hand, see table 3.5.4) compounds which extend on three 
different systems is an addition prove of the high flexibility of this structural type which can 
presumably be extended to many others systems. 
 
3.5.4  Electrical resistivity  
 
The measurement of the electrical resistivity was carried out on single crystal that corresponds 
to the family Ag10xBi14–10xS24–20xBr20x–6. The crystal used for the measurement was picked in 
the same preparation as the crystals used for the structure determination. The experiment was 
performed in the usual four-probe geometry with 60- and 25- µm gold wires used for the 
current and voltage electrodes, respectively. Resistivity data were obtained with a computer-
automated system.  
The figure 3.5.7 (a) shows the variation of the resistivity (ρ) as a function of the 
temperature. The electrical band gap (Eg) was calculated from the logarithmic plot of the 
resistivity (ln(ρ)) as a function of inverse temperature (1/T) (Fig.3.5.7 (b)). The value of about 
0.35 eV obtained is consistent with the black colour of the crystal and also indicates that this 
family of compounds are narrow gap semiconductors.  
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Fig. 3.5.7. Temperature dependence of the resistivity of a single crystal sample of 
Ag6.98Bi7.02S10.04Br7.96 (a) and the corresponding linear transformation (b). The calculated 
electrical band gap is about 0.35 eV. 
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3.6  Synthesis and crystal structure of Ag7.30Bi8.70S13.40Br6.60 (15),  
a member of the series Ag12xBi16–12xS28–24xBr24x–8 with x = 0.61; N = 5 
 
3.6.1  Synthesis 
 
Single crystals of Ag7.30Bi8.70S13.40Br6.60 (15) were discovered from solid-state reaction 
involving AgBr, Ag2S and Bi2S3 in the molar ratio 28:1:17. The mixture of starting materials 
was thoroughly ground, loaded and sealed in an evacuated silica tube. The tube was placed in 
a one zone tubular oven and the temperature was raised up to 710 K in 24 h. After 24 h, the 
oven was further heated up to 740 K, isothermed at that temperature for 4 days and then 
rapidly cooled to room temperature. The product was a polycrystalline mixture of black plate 
crystals with various dimensions.  
 
 
3.6.2  Crystallography 
 
Precession photographs 
 
In order to determine the rough lattice parameters and the Laue symmetry, several single 
crystals of (15) with dimensions suitable for the X-ray investigation were selected from the 
mass of product and mounted on the tip of glass fibres. The zero and one level photographs 
were recorded using the Buerger precession camera. The analysis of the photographs shows 
similar distribution of reflections intensity for all studied crystals. The rough lattice 
parameters calculated from the photographs were a = 1340, b = 407, c = 1653 pm, β = 95.1°. 
The reflection conditions observed in these photographs were h+k = 2n for all hkl suggesting 
C2, Cm and C2/m as space groups alternatives.  
 
Collection of intensity data and structure determination 
 
A single crystal of Ag7.30Bi8.70S13.40Br6.60 (15) with approximate dimension 0.23 × 0.14 × 0.08 
mm3 was used for the data collection. Intensity data used for the determination of the structure 
was recorded on an IPDS-I diffractometer of Stoe using graphite monochromatized MoKα 
radiation. Additional information of the measuring parameters is given in table A19. 
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The structure of (15) was solved in the space group type C2/m using the direct 
methods [P7] and the refinement was done by the full-matrix least squares techniques [P7]. 
Five metal positions Bi(1), Bi(2) = {M(3)}, Bi(3) = {M(4)}, Bi(4) = {M(5)} and Ag(1) = 
{M(2)} and five anion positions S(1), S(2) = {Z(2)}, S(3) = {Z(3)}, Br(1) and Br(2) = {Z(4)} 
were found in the asymmetric unit. The thermal parameters of Bi(2), Bi(3), Bi(4) and Br(2) 
were very large compared to those of Bi(1) and Br(1). This suggested that these positions are 
substituted by lighter elements i.e. Ag at Bi(2), Bi(3) and Bi(4) positions and S at Br(2) 
position. On the other hand, the thermal parameters of S(2) and S(3) were small indicating a 
substitution at these positions by the heavier element Br. The refinement of this model was 
performed in a way similar to the ones described before. In the final cycle the absorption 
correction and the secondary extinction correction as well as anisotropic refinement for all 
atoms in the structure were applied. The final compositions obtained were: 
M(3) = [44.3(2)% Ag + 55.7(2)% Bi], M(4) = [70.3(2)% Ag + 29.7(2)% Bi],  
M(5) = [36.3(2)% Ag + 63.7(2)% Bi], Z(2) = [78.3(2)% S + 21.7(2)% Br],  
Z(3) = [72.6(2)% S + 27.4(2)% Br], Z(4) = [83.6(2)% S + 16.4(2)% Br]. The M(2) position 
was found to be fully occupied by Ag atoms. The formula of the compound based on this 
refinement was Ag7.30(1)Bi8.70(1)S13.40(2)Br6.60(2). 
Selected crystallographic data and the result of the structure refinement are given in 
table 3.6.1. The fractional atomic coordinates and isotropic displacement parameters of all 
atoms with estimated standard deviations are given in table 3.6.2. The connectivity between 
cations and anions positions with their coordination number in the structure of 
Ag7.30Bi8.70S13.40Br6.60  are given in table 3.6.3. Inter-atomic bond distances are listed in 
table.3.6.4. Additional details on the data collection and the structure refinement for this 
compound are gathered in table A19. The anisotropic thermal parameters and selected bond 
angles are summarized in tables A20 and A21. 
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Table 3.6.1: Selected crystallographic data for Ag7.30Bi8.70S13.40Br6.60 
 
Formula Ag7.30Bi8.70S13.40Br6.60 
Crystal system – monoclinic – 
Space group – C2/m (No. 12) – 
a (pm) 1340.3(3) 
b (pm) 407.0(1) 
c (pm) 1653.1(3) 
β (°) 95.1(1) 
V (106 pm3) 898.2(1) 
Z 1 
Temperature (K) 297(1) 
Rint 0.054 
R1(Fo > 4σ(Fo)) 0.034 
wR2 (all) 0.085 
GooF 1.017 
 
 
Table 3.6.2: Atomic coordinates, equivalent isotropic displacement parameters Ueq (pm2) and 
occupancies for all atoms in the asymmetric unit of Ag7.30Bi8.70S13.40Br6.60. Standard 
deviations corresponding to the last digit are indicated in brackets. All atoms are located on 
the mirror plane at y = 0. Occupation of M and Z positions: M = qBi + (1–q)Ag;  
Z = qS + (1–q)Br with 0 ≤ q ≤ 1 
 
Atom Wyck. q x z Ueq 
Bi(1) 4i 1 0.7828(1) 0.1093(1) 333(2) 
M(2) 2b 0 1/2 0 407(4) 
M(3) 4i 0.557(2) 0.5217(1) 0.2860(1) 379(3) 
M(4) 4i 0.297(2) 0.2623(1) 0.3936(1) 430(4) 
M(5) 2c 0.637(2) 0 1/2 308(3) 
Br(1) 4i 0 0.1658(1) 0.2438(1) 479(4) 
S(1) 4i 1 0.1513(2) 0.0329(2) 212(6) 
Z(2) 4i 0.783(2) 0.4277(2) 0.1409(2) 350(1) 
Z(3) 4i 0.726(2) 0.8953(2) 0.3409(2) 390(1) 
Z(4) 4i 0.836(2) 0.6339(2) 0.4509(2) 360(1) 
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Structure description and discussion 
 
(15) crystallizes in the monoclinic space group C2/m and adopts the AgBi3S5 [75] structure 
type.  
As depicted in figure 3.6.1, the two alternating type of structural motives that build the 
structure are similar to those already described for the structures of Ag4xBi8–4xS12–8xBr8x, 
Ag6xBi10–6xS16–12xCl12x–2, Ag8xBi12–8xQ20–16xBr16x–4 and Ag10xBi14–10xQ24–20xX20x–6. The layer 
type denoted A is essentially the same in all these structures. The main difference resides only 
in the layer type B, which in the present structure is one octahedron thicker (N = 5) than the 
corresponding layer in the structure of Ag10xBi14–10xQ24–20xX20x–6 (N = 4) (Fig. 3.6.2). The 
Bi(1) position as found in the structures previously described is exempted from the mixed 
occupation. The coordination polyhedron (monocapped trigonal prisms) around Bi(1) is 
essentially the same in all these structures (Fig.3.6.3). Only small variations of corresponding 
bond distances are observed when we moved from one structure to the adjacent structure with 
thicker layer B. 
 
Table 3.6.3: Connectivity of cations and anions in the structure of Ag7.30Bi8.70S13.40Br6.60 with 
their coordination number 
 
Atom Br(1) S(1) Z(2) Z(3) Z(4) CN 
Bi(1) 2/2 3/3 2/2 0/0 0/0 7 
M(2) 0/0 4/2 2/1 0/0 0/0 6 
M(3) 2/2 0/0 1/1 2/2 1/1 6 
M(4) 1/1 0/0 0/0 2/2 3/3 6 
M(5) 0/0 0/0 0/0 2/1 4/2 6 
CN 5 5 4 5 6  
 
 
All other metal positions M(2) to M(5) display octahedral coordinations with various 
degree of distortion. The degree of distortion of these polyhedra is connected to the nature of 
atoms that are attracted to these sites, the position of the site in the structure and also the 
nature of ligands (S, Br or Z(S/Br)). The M(2) and M(5) positions that are situated on special 
positions show the same type of distortion, namely a distortion towards a linear coordination 
with two short bonds in trans position and four more elongated bonds in square plane. 
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However the octahedron around M(2) position is the most distorted one (Table 3.6.4) and as 
could be expected from the calculation of Burdett et al. [132] is fully occupied by Ag atom. 
The environment of M(5) is more close to a regular octahedron (bond distances between 
286.9(4) and 287.7(2) pm). The small distortion of the coordination polyhedron from the ideal 
octahedron may be explained by the Ag/Bi disorder found at this position. The M(5) position 
was found to be predominantly occupied by Bi atom (63.7%). One might expect that the Bi 
content in the octahedral metal positions decreases (as observed for M(3) and M(4)) when 
moving from octahedra situated at the interface of the two building units towards the center of 
the NaCl-type layer B. The observation of the inverse situation for the central M(5) 
octahedron strongly indicates that the nature of elements that are attracted in a particular 
position also depends on the geometry of the site and the occupation of the surrounding 
atomic positions.  
 
 
Fig. 3.6.1. The crystal structure of Ag7.30Bi8.70S13.40Br6.60 with atom labeling looking down 
[010]. 
 
 
The M(3) and M(4) positions exhibit similar type of distortion (which however is 
different from that of M(2) and M(5)), namely a distortion towards a trigonal bipyramid with 
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short bonds trans to long bonds. As mentioned elsewhere, this kind of distortion is favored for 
Bi atoms with active lone pair. Following this theory, one would expect high Bi content in 
both positions. But according to our refinement, the amount of Bi at these positions decreases 
drastically when we move from the “marginal” octahedron M(3) (55.7%Bi) to the M(4) 
(29.7%Bi) position situated more towards the center of the layer B. The distortion of the 
octahedron around M(3) is consequently more pronounced (Table 3.6.4). 
This observation, which in fact is contrary to the situation usually observed, can be 
understood by considering the number of edges of the octahedra around M(3) and M(4) that 
are not shared with another cation. At the interface between layer A and layer B, the 
octahedron around M(3), with four edges that are not shared with another cation, presents 
more possibilities for expansion than the M(4) position, which has only two free edges. M(4) 
is a position with a higher number of neighbouring cations compared to M(3). The occupation 
of this site by highly charged Bi cations will be less favoured. Thus, for the stability of the 
structure, the distribution of Bi atoms in the network of edge-sharing octahedra must avoid 
neigbouring Bi atoms.  
 
 
Fig. 3.6.2. Comparison of the structure of Ag10xBi14–10xQ24–20xX20x–6 (N = 4) (Q = S, Se; X = 
Cl, Br) (left) with the structure of Ag7.30Bi8.70S13.40Br6.60 (N = 5) (right) viewed down [010]. 
The NaCl-like layer B in Ag7.30Bi8.70S13.40Br6.60 is one octahedron thicker than the 
corresponding layer in Ag10xBi14–10xQ24–20xX20x–6.  
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Following this analysis we can say that two factors are important in the distribution of 
Bi atoms inside the network of edges and vertices connected octahedra in the structure. First 
the relative position of the octahedron in the structure (number of neigbouring octahedra, 
special positions, general positions) and also the geometry of the octahedron (type of 
distortion). The mixed site occupation observed between Bi and Ag in metal positions and the 
variation of charge and mass generated by this phenomenon also yield to site disorder in non-
metal positions. According to our result this disorder behaviour is observed only in some 
specific positions. For example the S(1) and Br(1) positions as was also found in others 
related structures are not affected by the mixed occupations while the Z(2), Z(3) and Z(4) 
positions are strongly influenced by the S/Br disorder. The replacement of S by Br at these 
positions is correlated to the substitution of Bi by Ag in metal positions. This is to say that the 
S content at these positions decreases when the Ag content in metal positions increases. As 
demonstrated for the metal positions, the distribution of S and Br over available positions is 
not random. 
 
Fig. 3.6.3. Environment of cations and anions in Ag7.30Bi8.70S13.40Br6.60 (Ellipsoids correspond 
to 95% probability level). The corresponding bond distances are given in table 3.6.4. 
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Depending on the Ag content in metal positions some of the anion positions are more 
substituted than the others. The composition of a specific position also depends on its 
geometry and its local environment. The coordination of Z(2) position (tetrahedron) is 
essentially the same as that of the equivalent position in all related structures previously 
described. Z(3) and Z(4) adopt the same coordination geometry as in  
Ag10xBi14–10xQ24–20xX20x–6 but differ with the composition of their coordination. In the present 
structure the Z(3) position is connected to two M(3), two M(4) and one M(5) positions while 
in Ag10xBi14–10xQ24–20xX20x–6 the corresponding position is connected to two M(3) and three 
M(4) positions to form the square pyramidal coordination. The Z(4) position in the present 
compound and in Ag10xBi14–10xQ24–20xX20x–6 (N = 4) displays octahedral environment with 
different degree of distortion. In Ag10xBi14–10xQ24–20xX20x–6 this atom is located in a special 
position and the distortion of the corresponding polyhedron is of the type [ZM2+4] with two 
short bonds in trans positions and four planar long bonds. In the present case the 
corresponding atom is sited in a general position and the distortion of the corresponding 
octahedron is [ZM1+2+2+1].  
 
 
Table 3.6.4: Selected inter-atomic bond distances (in pm) in Ag7.30Bi8.70S13.40Br6.60. Standard 
deviations corresponding to the last digit are indicated in brackets. 
Operators for generating equivalent atoms: (i) 1–x, –y, –z; (ii) 1/2+x, 1/2+y, z;  
(iii) 1/2+x, –1/2+y, z; (iv) 1/2–x, –1/2–y, –z; (v) 1/2–x, 1/2–y, –z; (vi) –1/2+x, –1/2+y, z;  
(vii) –1/2+x, 1/2+y, z; (viii) 1–x, –y, 1–z; (ix) –1+x, y, z; (x) 1/2–x, –1/2–y, 1–z;  
(xi) 1/2–x, 1/2–y, 1–z. 
 
Bi(1) — S(1i) 258.4(3) M(4) — Br(1) 269.0(4) 
              Z(2ii, 2iii) 282.9(2)               Z(4viii) 281.1(4) 
              S(1ii, 1iii) 290.6(3)               Z(4vi, 4vii) 287.9(2) 
              Br(1ii, 1iii) 348.9(4)               Z(3vi, 3vii) 289.1(2) 
    
M(2) — Z(2, 2i) 260.2(3) M(5) — Z(3viii, 3ix) 286.9(4) 
              S(1ii, 1iii, 1iv, 1v) 289.0(2)               Z(4vi, 4vii, 4xi, 4x) 287.7(2) 
    
M(3) — Z(2) 260.7(4)   
              Z(3vi, 3vii) 284.8(2)   
              Br(1ii, 1iii) 293.2(2)   
              Z(4) 299.4(5)   
 
 
Results and discussion    
 
125
According to the above analysis the disorder observed simultaneously in metal and 
non-metal position in this compound should be considered as an atomic ordering towards 
more stable structure. This phenomenon may also yield to a continuous spectrum of 
isostructural compounds with limited range that may be expressed by a general formula 
similar to the ones given for others related families. In this case the corresponding formula of 
the family will be Ag12xBi16–12xS28–24xBr24x–8. This formula can be written as 
[BiSBr]4·[AgxBi(1–x)S2(1–x)Br(2x–1)]12 (0.5 ≤ x ≤ 1) or [BiSBr]2·[AgxBi(1–x)S2(1–x)Br(2x–1)]6 with 
two formulae in the unit cell. According to the principle described in section 3.4 intermediate 
compositions of the series will range between the two isostructural end members 
Ag6Bi10S16Br4 (x = 0.5) and Ag12Bi4S4Br16 (x = 1). (15) corresponds to a new member of the 
homologous series with N = 5 and x = 0.61. This means that the chain of edge-sharing 
octahedra running diagonally across the layer B is composed of five octahedra. This number, 
which defines the thickness of the layer B also corresponds to the order number of the 
compound. The general formula of the present family can be easily derived from that of 
Ag10xBi14–10xQ24–20xX20x–6 (N = 4) by addition of one neutral [MZ] = [AgxBi(1–x)Q2(1–x)X(2x–1)] 
unit. 
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3.7  Syntheses and crystal structures of Ag16xBi20–16xQ36–32xBr32x–12  
(Q = S, Se); N = 7 
 
3.7.1  Syntheses 
 
The compounds discussed in the present section were synthesized after the existence of the 
homologous series of compounds described in section 3.4 was recognized in the quaternary 
system Ag–Bi–S–Br and the general chemical equation that may be used for the design of 
various members proposed. The investigation was aimed to prepare members of the series 
with more complicated compositions and structures (high value of N). The starting 
composition was calculated from the chemical equation Eq. 2.2 given in section 2.1.2.2.  
Ag10.28Bi9.72Br8.56S15.44 (16) (x = 0.65): For the synthesis, a mixture of AgBr, Ag2S and Bi2S3 
in the molar ratio 11:1:6 was thoroughly ground and loaded in a silica tube which was flame-
sealed under a pressure of 10–2 Torr. The ampoule was introduced in a temperature 
programmable one zone tubular oven and heated up to 570 K in 12 h. The tube was 
isothermed at that temperature for 24 h, further heated up to 710 K in 5 h, once more 
isothermed for 24 h and finally heated to 740 K for 3 days. The oven was then allowed to cool 
to room temperature. The resultant product was polycrystalline mixture of black plate crystals 
with various dimensions.  
Ag9.11Bi10.89Se17.78Br6.22 (17) (x = 0.57): Single crystal of (17) was obtained from reaction 
involving AgBr and Bi2Se3 in a molar ratio 3:1. The mixture of the starting material was well 
ground and loaded into a silica tube, which was flame-sealed under a pressure of 10–2 Torr. 
The ampoule was then placed in a programmable one zone tubular oven, heated up to 710 K 
in 24 h, kept at that temperature for 2 days and further heated to 790 K for 2 h. After that the 
oven was slowly cooled to 690 K, isothermed for 24 h and finally cooled to room temperature 
at 5 K/h. The product was polycrystalline mixture of black plate crystals with various 
dimensions.  
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3.7.2  Crystallography 
 
Precession photographs 
 
Several single crystals corresponding to (16) and (17) suitable for the X-ray investigation 
were selected from the mixture of reaction product and mounted on the tip of glass fibres. The 
zero and one levels precession photographs were recorded. The photographs show the same 
distribution of reflections in the reciprocal lattice suggesting that the compounds may be 
isostructural. The following lattice parameters were calculated form the photographs: a = 
1339, b = 406, c = 2040 pm, β = 103° for (16), and a = 1362, b = 417, c = 2105 pm, β = 
102.6° for (17). The observed reflection conditions were h+k = 2n for all hkl suggesting C2, 
Cm and C2/m as space groups alternatives.  
 
Collection of intensity data and structure determination 
 
Single crystals of (16) (0.24 × 0.09 × 0.07 mm3) and (17) (0.12 × 0.03 × 0.02 mm3) were used 
for the collection of intensity data. Details on the measuring parameters are given in table 
A22.  
The structure of Ag10.28Bi9.72Br8.56S15.44 (16) (x = 0.65) was obtained in the space 
group type C2/m using the direct methods [P7] and the refinement was done by the full-matrix 
least squares techniques [P7]. Six metal positions corresponding to Bi(1), Bi(2) = {M(3)}, 
Bi(3) = {M(4)}, Ag(1) = {M(2)}, Ag(2) = {M(5)} and Ag(3) = {M(6)} together with the six 
anions positions S(1), S(2) = {Z(2)}, S(3) = {Z(3)}, S(4) = {Z(4)}, S(5) = {Z(5)} and Br(1) of 
the asymmetric unit were automatically obtained with the Shelxs program.  
The thermal parameters of Bi(2), Bi(3), S(2), S(3), S(4) and S(5) were very high compared to 
those of Bi(1) and S(1), respectively. This indicates a partial substitution of Bi by Ag in metal 
positions and of S by Br in non-metal positions. Alternatively, the thermal parameters of 
Ag(2) and Ag(3) atoms were very small compared to that of Ag(1) suggesting that these 
positions are partially occupied by Bi atoms. In the subsequent refinement cycles a statistical 
occupation was applied to these positions. The full occupation of the positions was considered 
during the refinement. In the final cycle, the absorption correction and the secondary 
extinction correction as well as the anisotropic refinement for all atoms in the structure were 
applied. The final compositions of the mixed positions were: M(3) = [48.1(2)% Ag + 
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51.9(2)% Bi], M(4) = [41.6(2)% Ag + 58.4(2)% Bi], M(5) = [81.4(2)% Ag + 18.6(2)% Bi], 
M(6) = [71.9(2)% Ag + 28.1(2)% Bi], Z(2) = [75.3(4)% S + 24.7(4)% Br], Z(3) = [60.1(4)% S 
+ 39.9(4)% Br], Z(4) = [71.4(4)% S + 28.6(4)% Br], Z(5) = [79.0(4)% S + 21.0(4)% Br]. The 
M(2) position was found to be fully occupied by Ag atoms. The formula of the compound 
based on this refinement was Ag10.28(2)Bi9.72(2)S15.44(2)Br8.56(2).The refinement of the structure of 
several single crystals of the same preparation yielded to similar compositions. 
In the refinement of the structure of (17), the atomic parameters of (16) were used as 
the starting positions. The assignment of Se(1) and Br(1) was done by analogy with the 
structure of the sulphide homologue. This assignment was also confirmed by the calculation 
of bond valence sums around anions positions (Table 3.7.1). 
 
Table 3.7.1: Bond valence sums around anions in Ag9.11Bi10.89Se17.78Br6.22 (17) 
 
 Expected Calculated 
Br(1) 1 0.92 
Se(1) 2 2.30 
Z(2) = Se(2) 2 2.05 
Z(3) = Se(3) 2 1.72 
Z(4) = Se(4) 2 1.90 
Z(5) = Se(5) 2 2.00 
 
 
Only the mixed occupation between Ag and Bi was refined. The distribution of Se and Br 
atoms over the remaining anion positions was supported by the calculation of bond valence 
sums around these positions and also by using the Ag and Bi ratio obtained from the 
refinement. The procedure of the refinement was the same as the one described above. In the 
present case the Ag/Bi mixed occupation was considered only at M(3) position. The final 
composition obtained from the refinement was M(3) = [27.7(2)% Ag + 72.3(2)% Bi]. The 
calculation of the bond valence sums revealed a very small value (1.72) for the Z(3) position 
compared to the expected value of 2.00 for a pure Se position. This indicates that the Z(3) 
position may be partially occupied by Br atoms in addition to Se. A similar consideration was 
made for the Z(4) position, for which the value of 1.90 obtained also suggests a small amount 
of Br. The compositions of the Z(3) and Z(4) positions were calculated using the bond valence 
sums and by considering the electroneutrality of the compound. The values obtained were 
Z(3) = [68.0% Se + 32.0% Br] and Z(4) = [76.5% Se + 23.5% Br]. The M(4) position was 
found to be fully occupied by Bi atoms while M(2), M(5) and M(6) positions are fully 
Results and discussion    
 
129
occupied by Ag atoms. The final formula of the compound calculated from the refinement 
was Ag9.11(1)Bi10.89(1)Se17.78(2)Br6.22(2).  
Selected crystallographic data and the result of the structure refinements for the three 
compounds are given in table 3.7.2. The fractional atomic coordinates and isotropic 
displacement parameters of all atoms with estimated standard deviations are given in table 
3.7.3. In order to facilitate the comparison, the parameters for both compounds were grouped 
in the same table according to the Wyckoff positions. The connectivity between cations and 
anions positions with their coordination number in the structural model connected to this class 
of compounds is given in table 3.7.4. Selected inter-atomic bond distances for these 
compounds are compared in table 3.7.5. Additional crystallographic details on the data 
collection and the structure refinements for these compounds are listed in table A22. The 
anisotropic thermal parameters and selected bond angles are summarized in tables A23 and 
A24.  
 
Table 3.7.2: Selected crystallographic data for Ag10.28Bi9.72S15.44Br8.56 (16) and 
Ag9.11Bi10.89Se17.78Br6.22 (17) 
 
Formula Ag10.28Bi9.72S15.44Br8.56 Ag9.11Bi10.89Se17.78Br6.22 
Crystal system – monoclinic – 
Space group – C2/m (No. 12) – 
a (pm) 1338.4(2) 1362.2(4) 
b (pm) 406.3(1) 417.2(1) 
c (pm) 2041.3(3) 2104.7(4) 
β (°) 103.0(1) 102.7(1) 
V (106 pm3) 1081.7(1) 1166.8(1) 
Z 1 
Temperature (K) 297(1) 
Rint 0.037 0.040 
R1(Fo > 4σ(Fo)) 0.040 0.039 
wR2 (all) 0.099 0.099 
GooF 1.034 1.065 
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Table 3.7.3: Atomic coordinates, equivalent isotropic displacement parameters Ueq (pm2) and 
occupancies for all atoms in the asymmetric unit of Ag10.28Bi9.72S15.44Br8.56 (16) and 
Ag9.11Bi10.89Se17.78Br6.22 (17). The first lines correspond to (16) and the second to (17). 
Standard deviations corresponding to the last digit are indicated in brackets. All atoms are 
located on the mirror plane at y = 0. Occupation of M and Z positions: M = qBi + (1–q)Ag;  
Z = qQ + (1–q)Br with 0 ≤ q ≤ 1 (Q = S, Se) 
 
Atom Wyck. q x z Ueq 
1 0.2604(1) 0.0905(1) 304(3) 
1 0.2606(1) 0.0905(1) 297(3) 
Bi(1) 4i 
    
0 1/2 0 359(5) 
0 1/2 0 355(7) 
M(2) 2b 
    
0.519(2) 0.5913(1) 0.2369(1) 323(4) 
0.723(2) 0.5854(1) 0.2411(1) 292(4) 
M(3) 4i 
    
0.186(2) 0.8925(1) 0.3251(1) 407(5) 
0 0.8888(1) 0.3239(1) 282(5) 
M(4) 4i 
    
0.584(2) 0.1959(1) 0.4116(1) 294(3) 
1 0.1942(1) 0.4124(1) 234(3) 
M(5) 4i 
    
0.281(2) 1/2 1/2 325(6) 
0 1/2 1/2 284(6) 
M(6) 2d 
    
0 –0.0704(2) 0.2015(1) 435(5) 
0 –0.0737(2) 0.2024(1) 268(5) 
Br(1) 4i 
    
1 0.1384(3) –0.0271(2) 199(8) 
1 0.1331(1) –0.0287(1) 155(5) 
Q(1) 4i 
    
0.753(4) 0.6282(3) 0.1164(2) 339(10) 
1 0.6255(2) 0.1174(1) 238(5) 
Z(2) 4i 
    
0.601(4) 0.2385(3) 0.2838(2) 444(10) 
0.680 0.2349(2) 0.2836(1) 239(5) 
Z(3) 4i 
    
0.714(4) 0.5435(3) 0.3741(2) 401(10) 
0.765 0.5382(1) 0.3756(1) 214(5) 
Z(4) 4i 
    
0.790(4) 0.8491(3) 0.4547(2) 412(10) Z(5) 4i 
1 0.8492(1) 0.4522(1) 237(5) 
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Structure description and discussion 
 
(16) and (17) are two members of the family of isostructural compounds with general formula 
Ag16xBi20–16xQ36–32xBr32x–12 where Q = S, Se. The compounds crystallize in the monoclinic 
space group C2/m and adopt the Ag3Bi7S12 structure type [82]. The figure 3.7.1 shows the 
structural motive associated with this family of compound. 
The asymmetric unit of Ag16xBi20–16xQ36–32xBr32x–12 contains six independent metal 
positions Bi(1), M(2), M(3), M(4), M(5) and M(6), and six non-metal positions Z(2), Z(3), 
Z(4), Z(5), Q(1) and Br(1) (Table 3.7.4). 
 
 
Fig. 3.7.1. The crystal structure of Ag16xBi20–16xQ36–32xBr32x–12 (Q = S, x = 0.65 (16)) with 
atom labeling projected along [010]. 
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The Bi(1) position in all these compounds is not affected by the Ag/Bi disorder. Likewise the 
two anions positions Q(1) and Br(1) in all compounds are fully occupied by chalcogen atoms 
(S, Se) and Br atom respectively. The environments of these atoms are similar to those of the 
corresponding positions in the structures of Ag4xBi8x–4xS12–8xBr8x (section 3.2.2),  
Ag6xBi10–6xS16–12xCl12x–2 (section 3.3), Ag8xBi12–8xQ20–16xBr16x–4 (section 3.4),  
Ag10xBi14–10xQ24–20xX20x–6 (section 3.5), and Ag7.30Bi8.70S13.40Br6.60 (15) (section 3.6). Only 
small variations are observed in the length of equivalent bonds in these families of 
compounds. The small deviations observed are connected to the increasing of the thickness of 
the layer type B on one hand, the variation of the nature of chalcogen and/or halogen that 
form the coordination polyhedron and also the degree of substitution at a particular metal or 
non metal positions on the other hand. However, this variation of bond distances and angles 
almost kept the geometry of the coordination polyhedron around Bi(1), Q(1) and X(1).  
 
 
Table 3.7.4: Connectivity of cations and anions in the structure of Ag16xBi20–16xQ36–32xBr32x–12 
with their coordination number 
 
Atom Br(1) Q(1) Z(2) Z(3) Z(4) Z(5) CN 
Bi(1) 2/2 3/3 2/2 0/0 0/0 0/0 7 
M(2) 0/0 4/2 2/1 0/0 0/0 0/0 6 
M(3) 2/2 0/0 1/1 2/2 1/1 0/0 6 
M(4) 1/1 0/0 0/0 2/2 2/2 1/1 6 
M(5) 0/0 0/0 0/0 1/1 2/2 3/3 6 
M(6) 0/0 0/0 0/0 0/0 2/1 4/2 6 
CN 5 5 4 5 6 6  
 
 
All other metal positions M(2) to M(6) and non-metal positions Z(2) to Z(5) are prone 
to mixed occupation. The nature of the element (Ag and Bi in metal positions and Q and Br in 
non metal positions) found at these positions and their content depend on many complex 
factors. One of the most important is the geometry of the coordination polyhedron around a 
given position. For example in the case of metal positions it can be observed that all 
octahedral positions with tetragonal contraction [MZ2+4] (two short bonds in trans position 
and four planar long bonds) such as M(2), M(4) and M(6) are more likely occupied by Ag 
atoms (Fig. 3.7.2). All other octahedral metal positions which display another type of 
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distortion for example a distortion towards a trigonal bipyramid [MZ1+2+2+1] with short bonds 
trans to long bonds such as M(3) and M(5) contain more Bi atoms. This criterion is necessary 
to explain the site preference of Ag or Bi atom but not sufficient to elucidate why in positions 
with the same type of distortion different amount of Ag or Bi are often found. This 
phenomenon is more complex and we can only speculate that the composition of each site is 
related to its relative (crystallographic) position in the structure and also to its local 
environment, i.e. the nature of anions (Q or Br) or to the compositions of the anion positions 
that form its coordination.  
The coordination of Z(2) in this structure is the same as the ones found for 
corresponding positions in the structures previously described. The Z(3) position displays the 
same coordination polyhedron as the corresponding position (Z(3)) in the structure of 
Ag7.30Bi8.70S13.40Br6.60 (15) (N = 5). More interesting, the Z(4) and Z(5) positions in the 
present structure exhibit octahedral environment with almost the same type of distortion, 
namely the distortion towards the square bipyramid. The network of anions and cations in 
octahedral environment is the typical arrangement of atoms in the structure of NaCl and 
indicates that the layer type B may be a cut off of the NaCl structural type.  
As depicted in figure 3.7.1, the structure of Ag16xBi20–16xQ36–32xBr32x–12 is built up of 
two structural units denoted A and B that alternate parallel to the ab planes. These building 
units are similar to the ones described in previous sections. The layer type denoted A is 
essentially the same in all these structures. The only structural difference is observed in the 
building unit denoted B. In the present structure this unit is two octahedra thicker than the 
corresponding unit in the structure of Ag7.30Bi8.70S13.40Br6.60 (15) (Fig.3.7.3). The number of 
octahedra within the chain of edge-sharing octahedra running across the layer B is N = 7. 
The geometry of the coordination polyhedron around each metal position is almost 
preserved when one moves from the sulphide compound to the selenide analogue (Table 
3.7.5). The increasing of bond distances due to the replacement of S by Se in the structure is 
statistically distributed in all bonds of the same coordination polyhedron (bond distances 
around Bi(1)).  
Likewise, the lattice parameters are also affected by the replacement of S by Se atoms. 
The degree of expansion of these parameters depends on the crystallographic direction. The 
variability is 1.8% along [100], 2.6% along [010] and 3.1% along [001]. These observations 
suggest the flexibility of the structural motive associated to this class of compounds. This 
property can be profitably exploited in further investigations aimed to design isostructural 
compounds with predicted properties. 
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Fig. 3.7.2. Environment of cations and anions in Ag16xBi20–16xQ36–32xBr32x–12 (Q = S, x = 0.65 
(16)) (Ellipsoids correspond to 95% probability level). The corresponding bond distances are 
compared in table 3.7.5. 
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Table 3.7.5: Selected inter-atomic bond distances (in pm) in Ag10.28Bi9.72S15.44Br8.56 (16) and 
Ag9.11Bi10.89Se17.78Br6.22 (17). Standard deviations corresponding to the last digit are indicated 
in brackets. Operators for generating equivalent atoms: (i) x–1/2, y–1/2, z; (ii) x–1/2, 1/2+y, z; 
(iii) 1/2–x, 1/2–y, –z; (iv) 1/2–x, –1/2–y, –z; (v) 1/2+x, 1/2+y, z; (vi) 1/2+x, y–1/2, z;  
(vii) 1–x, –y, –z; (viii) 1+x, y, z; (ix) 1–x, –y, 1–z; (x) 3/2–x, 1/2–y, 1–z;  
(xi) 3/2–x, –1/2–y, 1–z. 
 
 (16) x = 0.65 (17) x = 0.57 
Bi(1) — Q(1) 258.2(4) 271.8(4) 
              Z(2i) 282.2(7) 291.8(5) 
              Z(2ii) 282.2(7) 292.0(5) 
              Q(1iii) 290.2(2) 299.5(4) 
              Q(1iv) 290.2(2) 299.6(4) 
              Br(1v) 347.6(3) 355.5(6) 
              Br(1vi) 347.6(3) 355.9(6) 
   
M(2) — Z(2; 2vii) 259.8(4) 267.6(4) 
              Q(1iv) 288.6(8) 291.2(5) 
              Q(1iii) 288.6(8) 291.2(5) 
              Q(1v) 288.6(8) 291.4(5) 
              Q(1vi) 288.6(8) 291.4(5) 
   
M(3) — Z(2) 261.6(2) 277.6(2) 
              Z(3v) 284.2(2) 291.3(5) 
              Z(3vi) 284.2(2) 291.6(5) 
              Br(1vi) 293.8(2) 298.8(5) 
              Br(1v) 293.8(2) 299.1(5) 
              Z(4) 300.9(2) 303.8(2) 
   
M(4) — Br(1viii) 267.8(10) 271.6(10) 
              Z(5) 283.4(2) 286.8(10) 
              Z(3vi) 288.1(2) 294.5(5) 
              Z(3v) 288.1(2) 294.8(5) 
              Z(4v) 288.2(2) 294.9(5) 
              Z(4vi) 288.2(2) 295.2(5) 
(continued on next page) 
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M(5) — Z(3) 279.2(2) 288.5(10) 
              Z(4i) 285.9(2) 295.3(5) 
              Z(4ii) 285.9(2) 295.5(5) 
              Z(5ii) 288.0(2) 295.6(5) 
              Z(5i) 288.0(2) 295.8(5) 
              Z(5ix) 292.4(2) 303.6(2) 
   
M(6) — Z(4; 4ix) 276.0(2) 278.0(1) 
              Z(5i) 286.7(2) 294.4(5) 
              Z(5x) 286.7(2) 294.4(5) 
              Z(5ii) 286.7(2) 294.7(5) 
              Z(5xi) 286.7(2) 294.7(5) 
 
The variety of stoichiometry obtained from the structure refinements due to the mixed 
occupation could be generalized according to the formula Ag16xBi20–16xQ36–32xBr32x–12. This 
formula as demonstrated in (section 3.4) can be written as  
[BiQBr]4·[AgxBi(1–x)Q2(1–x)Br(2x–1)]16 (0.5 ≤ x ≤ 1). Intermediate compositions of the series 
may range between the two isostructural end members Ag8Bi12Q20Br4 (x = 0.5) and 
Ag16Bi4Q4Br20 (x = 1). This family of compounds is a new member of the homologous series 
defined in section 3.4 with N = 7. Its general formula can be easily derived from that of 
Ag12xBi16–12xS28–24xBr24x–8 (N = 5) by adding two neutral [MZ] = [AgxBi(1–x)Q2(1–x)X(2x–1)] units 
to the layer type B. 
 
Fig. 3.7.3. Comparison of the structure of Ag7.30Bi8.70S13.40Br6.60 (15) (N = 5) (left) with the 
structure of Ag16xBi20–16xQ36–32xBr32x–12, (N = 7) Q = S, Se (right) viewed down [010].  
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3.8  The homologous series [BiQX]2·[MZ]N+1  
 
In sections 3.1 to 3.7, we have described the structures of six new families of quaternary silver 
bismuth chalcogenide halides in the systems Ag – Bi – Q – X where Q = S, Se and X = Cl, Br. 
All these compounds (except AgBiSCl2, which adopts the orthorhombic symmetry Cmcm) 
crystallize in the monoclinic space group C2/m and adopt different structures types that are 
closely related to each other. Their structures are built up of two alternating types of layer 
denoted A and B. The composition and the shape of the layer A is almost the same in all 
structures. The only structural characteristic that discriminate one structure type to another is 
the thickness of the layer B that is defined by the number (N) of octahedra within the chain of 
edge-sharing octahedra that run diagonally across it in the structure. The thickness of the layer 
B for currently known members extends from N = 0 to N = 7. It was found from the structure 
refinements of various members of these families that each structure type is in fact 
representative of a continuous spectrum of isostructural compounds with limited compositions 
range that can be obtained by simultaneous substitutions between Ag and Bi in octahedral 
metal positions and between Q and X in some non-metal positions. The synthesis and the 
characterization of these compounds helped us to identify a homologous series of quaternary 
phases with general formula Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) (Z = 2). 
The present section is intended to place all these compounds in the same context using 
the concept of phase homology. This method will allow us to point out their close 
compositional and structural relationships.  
 
 
3.8.1  Definition of the homologous series 
 
Chemical composition 
 
As shown in the previous sections, it is possible only from the “ideal” linkage pattern to 
determine the unit cell content and the chemical formula corresponding to each structure type. 
This formula can be established by taking in consideration the composition of each type of 
building unit. As can be observed from the structures of different members of each family of 
compounds, the distribution of atoms over cation and anion positions in the structure is done 
according to some specific criteria that are the same for all structure types. It was found that 
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in the layer A, the 7-fold coordinated metal site Bi(1) in all structures is fully occupied by Bi 
atom. Likewise the Q(1) and X(1) positions are respectively chalcogen and halogen sites. The 
octahedral metal position M(2) of this layer and the anion position Z(2) which acts as the 
connecting point between both building units generally show mixed site occupation. The 
general composition of the layer A will thus be [BiQX]2·[MZ]. In the layer B, it was found that 
all metal and non-metal positions are prone to mixed site occupation. The composition of this 
layer can be conveniently expressed as a function of the integer N that defined its thickness. 
The general composition of the layer B will be [MZ]N. This formula makes abstraction of the 
X(1) and Z(2) positions common to both layers and which are considered in the formula given 
for the layer A. Each structure type (except of AgBi2S2Cl3) is composed of layers A and B in 
the ratio 1:1. Thus, the general chemical formula is [BiQX]2·[MZ]N+1 with two formulae units 
in the unit cell. M represents octahedral metal positions and Z are anions positions with Q/X 
disorder.  
The above defined formula described the homologous series of structures that are 
constructed according to the same principle. But no information about the solid solution 
character of the series due to substitutions between Ag and Bi in metal positions and between 
Q and X in anions positions can be seen from it. It is thus necessary to defined more complete 
general formula which also includes the degree of substitution (x) of Bi by Ag. For this 
purpose it is necessary to study the mechanism of the substitution that takes place in a given 
member of the series (given N). The variety of compositions (stoichiometry) obtained from 
the structure refinements of various members of the series with the same structure type 
(constant N) (Table 3.8.1) suggests the existence within a given homologue of a continuous 
series of “solid-solution”. The occurrence of this solid solution is due to the variation of 
charge and mass generated in the structure by the mixed occupation observed simultaneously 
in cation and anion positions. According to the observed stoichiometries (Table 3.8.1), the 
principal mechanism of the substitution in each structure type can be expressed in terms of 
charge balanced exchange process between Ag and Bi on one hand and Q and X on the other 
hand. Interestingly, the substitution procedure occurs only within the three-dimensional 
network of edges and vertices connected octahedra in the structure.  
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Table 3.8.1: Current members of the homologous series  
Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) (Q = S, Se; X = Cl, Br); (Z = 2) with their 
identification symbol 
Lattice parameters 
No. Formula sum (Z = 1)* 
Space 
group a (pm) b (pm) c (pm) β (º) 
x N 
Symbol
(N, x)P
(1) Ag2Bi4S4Cl6 [144] C2/m 1257.3(3) 400.0(1) 804.1(2) 111.0(1) 1 0 (0, 1)P
(2) Ag4Bi4S4Cl8 [133] Cmcm 397.1(1) 1371.2(3) 882.4(2) 90.0 1 1 (1, 1)P
(3) Ag2Bi6S8Br4 C2/m 1331.3(5) 408.0(2) 972.1(3) 90.8(1) 0.50 1 (1, 0.50)P
(4) Ag2.54Bi5.46S6.92Br5.08 
[145] 
C2/m 1328.9(4) 408.5(1) 973.4(4) 90.9(1) 0.64 1 (1, 0.64)P
(5) Ag2.91Bi5.09S6.18Br5.82 C2/m 1332.4(3) 409.3(1) 974.3(2) 90.4(1) 0.73 1 (1, 0.73)P
(6) Ag3.17Bi6.83S9.66Cl4.34 C2/m 1326.7(3) 403.9(1) 1176.7(2) 107.8(1) 0.53 2 (2, 0.53)P
(7) Ag4Bi6S8Cl6 C2/m 1325.4(3) 403.3(1) 1170.6(2) 108.1(1) 0.67 2 (2, 0.67)P
(8) Ag5.58Bi6.42S8.85Br7.15 
[145] 
C2/m 1338.9(4) 407.7(1) 1426.4(4) 114.0(1) 0.70 3 (3, 0.70)P
(9) Ag5.78Bi6.22S8.44Br7.56 C2/m 1345.9(3) 408.2(1) 1428.4(4) 114.0(1) 0.72 3 (3, 0.72)P
(10) Ag6.72Bi5.28S6.56Br9.44 C2/m 1346.7(4) 409.3(1) 1440.7(4) 114.4(1) 0.84 3 (3, 0.84)P
(11) Ag5.72Bi6.28Se8.56Br7.44 C2/m 1370.9(2) 417.6(1) 1480.4(3) 114.9(1) 0.72 3 (3, 0.72)P
(12) Ag6Bi8S12Cl6 C2/m 1329.8(3) 403.3(1) 1471.8(3) 99.2(1) 0.60 4 (4, 0.60)P
(13) Ag6.98Bi7.02S10.04Br7.96 
[145] 
C2/m 1340.7(1) 407.6(1) 1501.3(1) 98.7(1) 0.70 4 (4, 0.70)P
(14) Ag6.80Bi7.20Se10.40Br7.60 C2/m 1372.8(2) 417.6(1) 1535.6(3) 99.3(1) 0.68 4 (4, 0.68)P
(15) Ag7.30Bi8.70S13.40Br6.60 C2/m 1340.3(3) 407.0(1) 1653.1(3) 95.1(1) 0.61 5 (5, 0.61)P
(16) Ag10.28Bi9.72S15.44Br8.56 C2/m 1338.4(2) 406.3(1) 2041.3(3) 103.0(1) 0.65 7 (7, 0.65)P
(17) Ag9.11Bi10.89Se17.78Br6.22 C2/m 1362.2(4) 417.2(1) 2104.7(4) 102.7(1) 0.57 7 (7, 0.57)P
 
 
 
* The formulae correspond to the contents of one unit cell. 
In all compounds the oxidation states of cations are +III for Bi and +I for Ag. 
 
 
This substitution process can be explained by the following mechanism. 
In the octahedral metal positions denoted M, Bi atoms are partially replaced by Ag atoms or 
inversely according to the equation: 
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x yAg Bi+ ++  →3 n+M             (Eq. 3.8.1) 
with x +y = 1 
In non-metal positions, similar phenomenon may be observed between Q and X according to 
equation: 
z t2–Q X Zn–+  →−              (Eq. 3.8.2) 
with z + t = 1 
x, y, z, t are overall fractions of Ag, Bi, Q and X involve in the mixed occupation. 
We consider here and as was also found in the structure refinements that each mixed position 
is fully occupied.  
The electroneutrality of the compounds imposes the following system: 
 
x x
t t
+ − =
− − − = −




3 1
2 1
( )
( )
n
n
                   (3.8.1) 
 
y, z, and t can be expressed as a function of x using the relations  
  
y x
z x
t x
= −
= −
= −






1
2 1
2 1
( )                     (3.8.2) 
 
In this case the global equation of the substitution procedure will be  
xAg x Bi x x x x x xAg Bi+ − + − + −  → − − −( ) ( ) ( )1 2 1 2 1 1 2 2 2 1Q X Q X         (Eq. 3.8.3) 
where AgxBi1–xQ2–2xX2x–1 = [MZ]  
According to this equation the substitution procedure maintains constant the total number of 
cations (ΣC) and anions (ΣA) in the structure and consequently, also N is constant. This 
substitution may generate a continuous series of isostructural compounds. 
The limiting range of this series of solid solution can be derived from equation (Eq. 3.8.3) as 
the solution of the system:  
N N x
N N x
N x N
+ − + ≥
+ − + ≥
+ − + ≥






1 1 0
2 2 2 2 0
2 2 1 0
( )
( )
( ) ( )
   ⇒   1/2 ≤ x ≤ 1             (3.8.3) 
Because of the above substitution, the general chemical formula proposed before changes to  
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[BiQX]2·[MZ]N+1 = [BiQX]2·[AgxBi1–xQ2–2xX2x–1]N+1 or in details to 
 
Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) with two formulae in the unit cell. 
The [AgxBi1–xQ2–2xX2x–1] = [MZ] part corresponds to the substitution procedure that takes 
place within the network of octahedra in the structure. The composition of this network in 
each structure type (constant N) changes between the disordered NaCl-type structure of 
Ag0.5Bi0.5Q (AgBiQ2) for x = 1/2 and the ordered structure of AgX for x = 1. This above 
defined general formula takes in consideration both the structural and compositional 
characteristic of the homologous series. For example, the substitution–free positions Bi(1), 
Q(1) and X(1) are represented by “Bi2”, “Q2” and “X2” respectively in the formula. The two 
presumably independent parameters N and x are fundamental for the complete description of 
a given member of the series.  
 
Parameter N 
 
As depicted in figure 3.8.1, the variation of the integer number N (starting from N = 0) 
generates successive closely related structure types of the series. The thickness of the layer B 
from which these structures differ increases incrementally by addition of one octahedron to 
the chain of octahedra running diagonally across it.  
The evolutionary character of the homologous series makes it to be of the accretional 
type [143 (d)]. In contrast to the homologous series Am[M6Se8]m[M5+nSe9+n] in which the 
structural evolution is bi-dimensional (characterized by n and m) [39] the present series 
evolves structurally only in one dimension, which corresponds to the crystallographic [001] 
direction. In the compositional sense, general chemical formulae of different members of the 
series can be derived from the adjacent member by adding or subtracting “neutral” [MZ] unit. 
The compositions of various homologues are significantly different for the three first 
members (N = 0, 1, 2) and become more closer to each other as the thickness of the layer B 
increases (increasing N). This feature is illustrated in figure 3.8.2 which shows the variation 
of the ratio [sum of cations]/[sum of anions] = (ΣC/ΣA) as a function of N. 
 
 
 
 
   Results and discussion 
 
142
 
 
Fig. 3.8.1. The homologous series [BiQX]2·[MZ]N+1 with [MZ] = AgxBi(1-x)Q(2-2x)X(2x-1);  
(Q = S, Se; X = Cl, Br), 1/2 ≤ x ≤ 1. A member generating scheme illustrating structural 
evolution along [001] by successive additions of [MZ] units to the layer B. Filled black circles 
are cations and opened black circles are anions. ? = still missing 
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Fig. 3.8.2. Variation of the ratio ΣC/ΣA with N. The curve tends asymptotically to the 
maximal value corresponding to ΣC = ΣA for very high values of N. 
 
According to this curve, the general compositions of adjacent members of the series 
(independently of x) become closer to each other and tend asymptotically to the maximal 
composition limit [MZ]∞ corresponding to the case ΣC = ΣA. The structure of this 
hypothetical compound would consist only of the NaCl-type layer B with infinite thickness. 
This compound may adopt a superstructure of the NaCl structure type. This theoretical 
prediction of the evolution of the composition of various members of the series is in 
agreement with the observed compositions, which are graphically represented in the figure 
3.8.3. The lines of different families of compounds are getting closer to each other as N 
increases. The close compositional character of different members of this series may pose 
serious problems of synthesis in future attempt to design homologues with higher N. In fact 
we have observed from our investigations that different phases of this series are stable almost 
at the same synthesis conditions (temperature, pressure, heating and cooling rate, duration of 
the reaction etc…). Under these conditions it seems to be almost impossible to obtain for 
large N (N ≥ 2) single phase of each structure type.  
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Fig. 3.8.3. A representation of the composition fields of the homologous series in the  
Ag – Bi – Q – X (Q = S, Se; X = Cl, Br) plot showing selected lines of constant N. The 
observed compositions denoted by (1) to (17) are gathered in table 3.8.1. 
* predicted but still missing 
 
Experimentally, adjacent homologues were generally found in the same preparation. 
Moreover, single crystals corresponding to chemical intergrowth of two different members of 
the series “N = 2 together with N = 3 and N = 3 together with N = 4” were found as well. In 
addition to the limitation due to the close composition of various members of the series, the 
occurrence of new members with higher N is less probable, because a large scale long range 
order must be established.  
 
 
Parameter x 
 
The modification of the positive real number x yields to a continuous spectrum of 
isostructural compounds (for constant N) with composition ranging between the hypothetical 
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minimally substituted end member (x =1/2) [BiQX]2·[Ag0.5Bi0.5Q]N+1 and the hypothetical 
maximally substituted end member (x = 1) [BiQX]2·[AgX]N+1. Intermediate compositions with 
the same N lie in the quaternary diagram Bi2Q3 – AgX – BiQX – Ag2Q on a straight line 
connecting the two end members (Fig. 3.8.3). The lines of various members (different N) of 
the series are almost parallel to each other. From the synthetic point of view extreme control 
of the conditions of the reaction is necessary if we want to design various members of the 
solid solution (for N = 0 and 1). For high N, the synthesis of an individual member of the 
series of solid solution becomes more difficult and the chance of obtaining mixture of phases 
with different N and x is very high. 
The figure 3.8.3 also shows the two-dimensional character of the homologous series. 
Theoretically, the substitution along a given line (constant N) may yield to compounds with 
ordered or disordered structures. However, the maximally substituted (x = 1) end members 
should exhibit ordered structure. Typical examples that support this hypothesis are the 
sulphide chlorides homologues AgBi2S2Cl3 (N = 0, x = 1) and AgBiSCl2 (N = 1, x = 1).  
The formulae expressing various aspect of the composition of this series are summarized in 
table 3.8.2. 
 
 
Table 3.8.2: Chemical characteristics of the first eight members of the homologous series 
[BiQX]2·[MZ]N+1. M denotes octahedral metal positions (Ag, Bi or Ag/Bi); Z is anion position 
prone to the mixed occupation (Q/X). Bi, Q, X correspond to positions fully occupied by 
bismuth, chalcogen and halogen, respectively. 
 
Order 
number 
N 
Chemical 
formula 
Z = 2 
Hypothetical 
minimally 
substituted 
end member 
Hypothetical 
maximally 
substituted end 
member 
General formula for Z = 1 
0.5 ≤ x ≤ 1 
0 MBi2Q2X2Z AgBi5Q6X4 Ag2Bi4Q4X6 Ag2xBi6–2xQ8–4xX4x+2 
1 M2Bi2Q2X2Z2 Ag2Bi6Q8X4 Ag4Bi4Q4X8 Ag4xBi8–4xQ12–8xX8x 
2 M3Bi2Q2X2Z3 Ag3Bi7Q10X4 Ag6Bi4Q4X10 Ag6xBi10–6xQ16–12xX12x–2 
3 M4Bi2Q2X2Z4 Ag4Bi8Q12X4 Ag8Bi4Q4X12 Ag8xBi12–8xQ20–16xX16x–4 
4 M5Bi2Q2X2Z5 Ag5Bi9Q14X4 Ag10Bi4Q4X14 Ag10xBi14–10xQ24–20xX20x–6 
5 M6Bi2Q2X2Z6 Ag6Bi10Q16X4 Ag12Bi4Q4X16 Ag12xBi16–12xQ28–24xX24x–8 
6 M7Bi2Q2X2Z7 Ag7Bi11Q18X4 Ag14Bi4Q4X18 Ag14xBi18–14xQ32–28xX28x–10
7 M8Bi2Q2X2Z8 Ag8Bi12Q20X4 Ag16Bi4Q4X20 Ag16xBi20–16xQ36–32xX32x–12
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Chemical Determination of N and x 
 
Due to numerous difficulties (formation of polycrystalline ingot, chemical intergrowth of two 
different individuals etc…) generally connected with the growth of suitable single crystal for 
the structure determination it becomes necessary to search for other methods that allow the 
characterization of new members of the homologous series. The chemical analysis seems to 
propose the best alternative solution to this problem. From the chemical composition obtained 
by the EDX analysis, it may be possible to derive the value of the two characteristic 
independent parameters N and x of a given member of the series. 
The “chemical” determination of the value of N can be achieved by exploiting the 
ratio ΣC/ΣA (sum of cations/ sum of anions). These two parameters, which depend on N can 
be easily calculated from the general chemical formula of the homologous series as follow: 
 
C N x N N x N=∑ + + + − + = +( ) ( )2 2 6 2 2 2 6 2                (3.8.4) 
 
A N N x N N x N= + − + + − + + = +∑ 8 4 4 4 2 2 4 4 10 2( ) ( )               (3.8.5) 
 
The ratio C
A
N
N
∑
∑
= +
+
3
5
                  (3.8.6) 
 
 ⇒  N C A
A C
= − ∑∑
−∑∑
5 3                  (3.8.7) 
 
From the chemical analysis, the approximate composition of the compound can be obtained 
and from this analytical formula the total number of cations (∑C) and anions (∑A) can be 
calculated. The result will then be used for the calculation of the corresponding value of N. 
This value should be close to an integer if the result of the chemical analysis was accurated. 
Knowing the value of N and the chemical composition of the compound the calculation of the 
corresponding value of x (“chemical” value of x) can be done using the expression 
  
x Ag
N
=
+2 1( )
                    (3.8.8) 
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where Ag represents the number of silver atoms in the chemical formula obtained from the 
chemical analysis. 
The two independent parameters N and x represent a very powerful tool for the classification 
of the observed phases and the correlation between crystallographic and chemical data. 
 
 
Classification 
 
According to the close relationship between the ternary PHS and the quaternary homologous 
series (QHS), a nomenclature similar to the one used for the PHS can be adopted for the 
quaternary series.  
The classification can thus be done as follow: 
(i)  The value of N; the order number in the homologous series represents the principal 
characteristic of a given member of the series. For a given member (given N), it determines 
both the linkage pattern and, to a great extent, the lattice constants. 
(ii)  The second principal characteristic of a given phase is the degree of substitution x of 
Bi by Ag. For a particular line of constant N, the Ag-poor and Ag-richest end members may 
keep the same structure type. It is necessary to state here that the parameter x is a value that 
only defines the composition of the compound (Ag:Bi ratio) but has no close relationship with 
the distribution of atoms among individual positions in the structures. In this case it should 
not be surprising to find for isostructural phases with the same value of x different 
composition of the mixed occupied positions. The amount of each element found in a 
particular site depends not only on the composition of the starting mixture but also on much 
more complicated phenomena (that are unfortunately not easy to control) such as the local 
temperature gradient during the growth of the crystal, local concentrations, kinetic of the 
crystal growth, diffusion, …. For these reasons we can only speculate that for the minimally 
substituted end member with general composition [BiQX]2·[Ag0.5Bi0.5Q]N+1 the ideal 
distribution of atom within the network of octahedra may parallel the structure of matildite 
(AgBiS2) with S in all anion positions and a statistical mixed occupation of Ag and Bi in all 
octahedral metal positions. For the maximally substituted end member with composition 
[BiQX]2·[AgX]N+1, the network of octahedra may consist of the ordered structure of AgX. 
Different members of the series can thus be denoted by the symbol (N, x)P with N ≥ 0 and  
1/2 ≤ x ≤ 1. 
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Relationship with the pavonite homologous series (PHS) 
 
As already described in the introduction, members of the PHS are Ag – Bi sulphosalts and 
their Cu and Pb substituted derivatives. Their general chemical formula is MoctN+1Bi2QN+5 
[75]. The octahedral metal positions Moct in the structures can be fully occupied by Bi, Pb, 
Ag, Cu or can exhibit mixed occupancy between two of these elements. Known members of 
the series are denoted as NP [75]. As was also demonstrated in chapter 1 the general formula 
associated to this series in the ternary system Ag – Bi – S corresponds to  
Ag(N–1)/2Bi(N+3)/2Bi2QN+5 with Z = 2. The up to now observed members lie on the pseudo-
binary section Ag2S – Bi2S3 and are confined between AgBiS2 and Bi2S3. According to this 
observation the general formula connected with these phases can be rewritten as 
[Bi2S3]2·[AgBiS2](N–1)/2 (Z = 2). The corresponding formula in the quaternary system  
Ag – Bi – Q – X is [BiQX]2·[AgxBi1–xQ2–2xX2x–1]N+1 (Z = 2). 
Following the two general formulae many parallels can be established between both 
series. In the compositional point of view, the fundamental difference resides in the number of 
possible members for each series. In the case of the ternary series (PHS) the occurrence of 
different homologues must satisfy the condition N–1 > 1. This means that members of this 
series can exit only for N starting from 2. In contrast, the quaternary series is more flexible 
and no restriction is required for N. Different homologues can exist for all N (where N is an 
integer). This theoretical prediction up to now agrees very well with the observed phases 
(Table 3.8.3). The occurrence of the additional two members corresponding to N = 0 and N = 
1 in the quaternary series represents one of the most important consequence of the addition of 
halogens (X) to the ternary Ag – Bi – Q systems.  
In the case of minimally substituted members (x = 1/2) the general formula of the 
quaternary series will be [Bi2Q2X2]2·[AgBiQ2]N+1. This formula is more close to that of the 
ternary series and the analogy between both formulae shows clearly that one chalcogen 
position of the [Bi2Q3] part in the ternary series is completely replaced by halogen atoms to 
form the [Bi2Q2X2] part, which in fact is free of the substitution procedure. According to this 
analysis only the [AgBiQ2] part that corresponds to the network of edges connected octahedra 
in the structure of the ternary compounds are affected by the substitution procedure in the 
quaternary series. The origin of this phenomenon (substitution) can be understood if we 
remember that in the structure of AgBiS2 [106] mixed site occupation between Ag and Bi was 
established in octahedral metal positions, suggesting that the network suffers from close 
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neighbouring highly charged Bi cations. The isomorphic substitution between Bi and Ag due 
to their similar effective ionic radii for the c. n. = 6 (103 pm for Bi3+ and 115 pm for Ag+) 
[127] may optimize the electrostatic situation within the network. This substitution is favored 
(for electroneutrality reason) by the replacement of bivalent Q atoms by univalent X atoms in 
the anion positions. 
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According to our investigations (Table 3.8.1), the substitution in anion and cation 
positions within this network occur in a cooperative manner so that the electroneutrality 
condition is always satisfied. In the case of total substitution of the Bi atoms by Ag in this 
network all chalcogen atoms are replaced by halogen. In this situation the composition of the 
network of octahedra will be [Ag2X2]. The substitution procedure observed within this 
network of octahedra can thus be viewed as an atomic ordering from the disordered structure 
of AgBiQ2 toward the ordered structure of AgX. The continuous series of solid solution 
generated by this substitution procedure represents the second important consequence of the 
partial replacement of Q by X in the ternary Ag – Bi – Q systems.  
In the structural point of view various members of both series (NP and (N, x)P) with the 
same value of N adopt the same structure type with the same symmetry (C2/m) and their 
lattice parameters are similar (Table 3.8.3). In this case the total number of cations and anions 
are the same for both isostructural compounds. The determination of the lattice parameters of 
a given member of the series is sufficient to predict the value of N and thus the archetype of 
the corresponding structure. For very large value of N (N tends to infinity) a structure that 
should consist only of the layer B is expected. The composition of this hypothetical compound 
should be close to that of AgBiQ2 for the ternary series and to that of [AgxBi1–xQ2–2xX2x–1] for 
the quaternary series. In both case the corresponding structures may be a superstructure of 
AgBiS2-type and thus of the NaCl-type. 
In order to illustrate the influence of the substitution on the distortion of the “ideal” 
pavonite structure type, we have compared the volume of equivalent coordination polyhedra 
in the structures of AgBi3S5, 5P and Ag7.30Bi8.70S13.40Br6.60 (15), (5, 0.61)P and Ag3Bi7S12, 7P and 
Ag10.28Bi9.72S15.44Br8.56 (16), (7, 0.65)P. As shown in tables 3.8.4 and 3.8.5 only small deviation 
(less than 4%) from the volume of the coordination polyhedra in the ternary compounds is 
observed. The augmentation of the volume of the coordination polyhedra is not uniformly 
distributed throughout the structure and is connected with the small difference between the 
atomic radii of S and Br and also to the difference of the Ag:Bi ratio at various metal 
positions.  
Likewise, the bonding scheme remains almost the same in the structures of both 
ternary and quaternary compounds. Small variation observed between equivalent bonds is 
only due to the substitution of S atoms by slightly larger Br atoms. The introduction of 
halogen in replacement of S in the framework of pavonite structures does not yielded to 
significant distortion of the ideal structure. The substitution is isomorphic. 
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Table 3.8.4: Comparison of the volume (Vp in Å3) of equivalent coordination polyhedra in the 
structure of AgBi3S5, 5P and Ag7.30Bi8.70S13.40Br6.60, (5, 0.61)P. 
 
Atom CN Ag4Bi12S20 Ag7.30Bi8.70S13.40Br6.60 ∆Vp(%) 
Bi(1) 7 36.100 37.307 3.34 
M(2) 6 27.451 28.386 3.41 
M(3) 6 30.004 31.094 3.63 
M(4) 6 30.064 30.492 1.42 
M(5) 6 30.402 31.670 4.17 
 
Table 3.8.5: Comparison of the volume (Vp in Å3) of equivalent coordination polyhedra in 
the structure of Ag3Bi7S12, 7P and Ag10.28Bi9.72S15.44Br8.56, (7, 0.65)P. 
 
Atom CN Ag6Bi14S24 Ag10.28Bi9.72S15.44Br8.56 ∆Vp(%) 
Bi(1) 7 36.251 37.041 2.17 
M(2) 6 26.755 28.251 5.59 
M(3) 6 30.081 31.211 3.76 
M(4) 6 30.836 30.463 –1.21 
M(5) 6 29.841 31.358 5.08 
M(6) 6 30.483 30.248 –1.00 
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3.8.2  General properties of the homologous series 
 
The homologous series Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) represents a chemical and 
crystallographical problem. Various members generally exhibit similar crystal shape and 
colour and thus can not be distinguished only from these characteristics. Furthermore, they 
also possess similar ab plane (almost the same value of the a and b lattice parameters, see 
figure 3.8.4). For high values of N (N ≥ 4), a mixture of phases with different N is sometimes 
obtained. Intimate intergrowth of two different members in one single crystal i.e. an 
exsolution pair of two (N, x)P structures are found as well. Because of the above situation, the 
preparation of each member of the series as a single phase is almost impossible, making the 
single crystal X-ray study the best method to identify individual members of the series. The 
similarity in shape, size and colour of the crystals of different members of this series make 
impossible any attempt to identify and to select from the mixture of reaction product, crystals 
corresponding to a particular (given N) member of the series. It is therefore necessary for each 
preparation to select and to study individual crystal before deciding whether it belongs to a 
new family or not.  
 
 
Fig. 3.8.4. Variation of the cell parameters with N. Numerical data for Ag2.54Bi5.46S6.92Br5.08 
(4) (N = 1), Ag5.58Bi6.42S8.85Br7.15 (8) (N = 3), Ag6.98Bi7.02S10.04Br7.96 (13) (N = 4), 
Ag7.30Bi8.70S13.40Br6.60 (15) (N = 5) and Ag10.28Bi9.72S15.44Br8.56 (16) (N = 7) (Table 3.8.1) were 
considered. The error bars correspond to ± 3σ. 
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Structural properties 
 
The basic properties in which various members of the series differ from each other is the 
finite width of the NaCl-like layer B of octahedrally coordinated metal atoms which extends 
for currently known members through zero and seven octahedra. If we consider the layer B to 
be composed of identical parallel chains of octahedra connected via common edges, octahedra 
of such a chain will represent a set of crystallographically independent metal positions in the 
C-centered unit cell. The width of the NaCl-like layer B can only be significantly varied by 
varying the length of the chain of edge-sharing octahedra that run diagonally across it by an 
integer number of octahedra. For this reason, the number of octahedra N in the diagonal chain 
of octahedra represents the most convenient crystal chemical characteristics for a particular 
member of the homologous series. 
A number of crystal chemical properties of a given member of the series depend on the 
parity (odd, even) of N. In order to emphasize these properties, the structures corresponding to 
N = 4 and N = 5 members of the series are compared in figure 3.8.5. 
 
Fig. 3.8.5. Crystal chemical properties of „odd“ and „even“ members of the homologous 
series. The case of N = 4 (left) and N = 5 (right) 
 
In the case of odd-membered chains of octahedra, the central octahedron with a metal atom 
positioned on an inversion centre can be observed. The rest of the octahedral metal atoms are 
situated in general positions related by the above inversion centre. 
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The even-membered chains only contain centrosymmetrically related octahedra in general 
positions. In this case the inversion centre is positioned on an anion position. 
Let us define a compact layer of octahedra stretching across the NaCl-like slabs. 
In the “even” member ((4, x)P), there is only one type of such a layer stretching between the 
monocapped trigonal prisms around Bi atoms on one side and the tetrahedral void situated at 
the interface with the layer A on the other side. This compact layer is internally asymmetric 
and adjacent layers are related by the inversion centre situated on an anion position. 
In “odd” member ((5, x)P), there are two types of such layers, stacked upon each other. One 
layer type connects two monocapped trigonal prisms, while the other one extends between 
two tetrahedral holes situated at the interface with the adjacent layer A. The two layer types 
are structurally and chemically distinct and each contains an inversion centre. 
A zig-zag chain of octahedra interconnected via common vertices with the overall direction 
almost perpendicular to the diagonal chain of edge-sharing octahedra of the layer B can be 
recognized in each member of the homologous series. 
In spite of these small structural differences, very close geometrical similarity is found 
between corresponding polyhedra around metal atoms in the structures of various members of 
the homologous series. In order to illustrate this property, we have grouped in table 3.8.6 the 
coordination of metal atoms in the structure of selected members of the homologous series 
Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1). 
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Diffraction characteristics 
 
All members of the series (except AgBiSCl2, Cmcm) show approximately the same 
distribution of intensities in the reciprocal space and therefore possess the same symmetry 
(C2/m). The figure 3.8.6 shows the h0l and 0kl precession photographs of N = 4 and N = 5 
members of the series simulated from the diffraction data. We can observe the uniformity of 
the distribution of strong and weak reflections on the photographs of both members of the 
series. This feature is common to all known members of the series and therefore offers an 
unmistakeable fingerprint of the pavonite structure type adopted by these compounds.  
 
 
 
Fig. 3.8.6. h0l and 0kl photographs of (4, 0.70)P, Ag6.98Bi7.02S10.04Br7.96 (left) and (5, 0.61)P, 
Ag7.30Bi8.70S13.40Br6.60 (right) simulated from their diffraction data [P14]. The uniformity of 
the regions of intense reflections in both photographs can be noted. 
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The similarity between photographs of adjacent members is so that more attention is needed 
to differentiate them. The hk0 photographs indeed is almost the same for all members of the 
series and consequently can not be used to discriminate one member to another. As can be 
seen in figure 3.8.4, the a and b parameters are almost the same throughout the series. 
Significant changes are found only in the c parameter due to the increase of the number of 
octahedra within the diagonal chain of edge-sharing octahedra in the layer B. The variation of 
the c parameter with N is almost linear. This parameter (c) together with the monoclinic angle 
(β) are characteristic for each member of the series and thus can be used to discriminate them. 
The differentiation of various members of the series (different N) from the powder diffraction 
pattern is much more complicated primarily by the following facts: 
(i)  These powder patterns possess very large number of diffraction peaks with regions of 
clustering peaks (Fig. 3.8.7).  
(ii)  The distribution of the strongest diffraction peaks is very similar for structurally close 
members (adjacent members). This similarity is more pronounced for the diffraction patterns 
of members with higher N so that extreme caution is required not to overlook minor 
geometrical differences between them. 
 In the view of these observations, it becomes clear that the great majority of the peaks 
in the powder diffraction patterns of various members of the series can not be used as 
diagnostic reflections for the discrimination of these powder patterns. The existence of only 
small differences between the X-ray powder diagrams of pavonite homologues as well as the 
similarity in the distribution of strong reflections in their reciprocal lattice have been 
repeatedly pointed out [146, 147, 80]. More recently, G. Ilinca et al. [148] have proposed 
using the theoretical X-ray powder patterns of known pavonite homologues some diagnostic 
reflections that may help in discriminating them. However, their investigations have been 
performed using crystal data of compounds belonging to diverse systems (Cu, Ag, Pb, Bi- 
sulphosalts) making difficult the utilisation of these reflections as standard.  
With the synthesis and X-ray single crystal structure determination of “isoelemental” 
members of the series it was necessary to propose more accurate standard set of reflections 
that can be used for the identification of each structure type of the series independently of the 
chemical composition (only a slight shift of the relative position of the reflections may occur 
with the variation of the composition). We consider as diagnostic, low diffraction angle 
reflections common to various members of the series but which appear at different inter-
planar d-spacing in the powder diffraction pattern of different homologues. 
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Fig. 3.8.7. Schematic representation of the theoretical powder patterns of five members of the 
homologous series calculated (CuKα/ λ = 1.540598 Å) from the crystal structures. In order to 
emphasize the influence of N on the distribution of peaks, only structures with the same 
composition (Ag – Bi – S – Br) are considered. The variation of the chemical composition 
(with constant N) does not yield to significant modification of the morphology of the 
diffractograms. “Diagnostic” reflections that can be used for the discrimination of different 
members of the series are indicated. Selected powder reflections for each compound are 
gathered in table A25. (a) Ag2.54Bi5.46S6.92Br5.08, (b) Ag5.58Bi6.42S8.85Br7.15, (c) 
Ag6.98Bi7.02S10.04Br7.96, (d) Ag7.30Bi8.70S13.40Br6.60, (e) Ag10.28Bi9.72S15.44Br8.56. 
 
 
For this study we make use of the structure data of five members of the series belonging to the 
system Ag – Bi – S – Br. Their theoretical powder patterns have been calculated with CuKα 
radiation [P1]. The simulation was made for 2θ ranging from 0.1 to 90 °. The diffraction 
patterns obtained are compared in figure 3.8.7.  
The only obvious contrast between the diffraction diagrams of different homologues is 
the relatively large difference in d001. For this reason the search for discriminating peaks will 
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be limited to the range of small diffraction angles generally for two theta lower than 20°. 
Some characteristic reflections that can be used as diagnostic peaks, derived from the 
theoretical patterns of known members of the series are indicated in figure 3.8.7. The powder 
diffraction data for the five homologues used for this analysis are gathered in table A25. All 
diagnostic reflections are limited to d-values greater than 4 Å. The intensity of these 
reflections is generally weak and may not be detectable for relatively rapid measurement 
(short exposition time). Some of the d-spacing derived when used alone do not entirely 
prevent confusion between various members of the series. These reflections should be 
associated properly to other values in the low-2θ region. For example, the peaks around 6.40 
Å may lead to confusing the N = 4 and N = 5 members of the series. The presents of a 
reflection at about 14.8 Å for N = 4 and around 16.5 Å for N = 5 should however be sufficient 
to separate both homologues. This example is just to show that in general more than one 
diagnostic reflection should be considered before assigning a pattern to a certain homologue. 
Along a line of constant N it is almost impossible to find characteristic reflections that may 
help in discriminating different members of the series of solid solution. 
Another direct consequence of the close compositional and structural relationship 
between different members of the homologous series is the occurrence in the same single 
crystal (chemical intergrowth) of two different domains corresponding to two different 
individuals (different N). The intergrowth of these phases is favoured by the very close values 
of the a and b parameters. A possible representation of the intergrowth between various 
structure types of the series is shown in figure 3.8.8.  
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Fig. 3.8.8. Unit cells of the homologous series members projected on (010), b-setting showing 
their degree of monoclinicity. Numerical data correspond to Ag2Bi4S4Cl6 (N = 0), 
Ag2.54Bi5.46S6.92Br5.08 (N = 1), Ag3.17Bi6.83S9.66Cl4.34 (N = 2), Ag5.58Bi6.42S8.85Br7.15 (N = 3), 
Ag6.98Bi7.02S10.04Br7.96 (N = 4), Ag7.30Bi8.70S13.40Br6.60 (N = 5) and Ag10.28Bi9.72S15.44Br8.56 (N = 
7) (Table 3.8.1). 
 
 
This representation supposes that different structure types share the same ab planes so that the 
0kl and h0l precession photographs of the intergrowth crystal present reflections of each 
individual. In practice we have observed intergrowth of N = 2 and N = 3 members of the 
series (Fig. 3.8.9) as well as the intergrowth of N = 3 and N = 4 members (Fig. 3.8.10).  
From the recorded precession photographs reflections of both individuals always overlap 
making difficult the use of such crystals for the X-ray single crystal structure determination. 
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Fig. 3.8.9. Experimental (left) and calculated (right) 0kl precession photograph showing the 
intergrowth of N = 2 (squares) and N = 3 (triangles) members of the series. The region of 
alternation between reflections of both individuals is indicated. Each third reflections of (N = 
2) member almost overlap with each fourth reflections of (N = 3). 
 
 
Fig. 3.8.10. h0l precession photograph of the intergrowth of N = 3 (I) and N = 4 (II) members 
of the series. Systems of reflections corresponding to both individuals are indicated. 
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3.9  Synthesis and crystal structure of Ag3.5Bi7.5S13 (22), a new member of 
the homologous series [Bi2S3]2·[AgBiS2](N–1)/2 with N = 8 
 
3.9.1 Synthesis 
 
In our effort to synthesize quaternary compounds with pavonite structure type in the system 
Ag – Bi – S – I, many ternary phases with compositions AgBiS2 [106], AgBi3S5 [75] and 
Ag3.5Bi7.5S13 are more likely formed together with (Bi2S3)9BiI3 [101]. Ag3.5Bi7.5S13 [149] 
corresponds to a new compound with structure similar to that of the mineral mummeite [80]. 
Single crystals used for the investigation were obtained from solid-state reaction involving 
AgI and Bi2S3. The mixture of the starting materials was thoroughly ground and loaded into a 
silica tube, which was flame-sealed under a pressure of 10–2 Torr. The tube was placed in a 
tubular oven, heated at 850 K for seven days and then finally cooled to room temperature 
rapidly. 
 
3.9.2  EDX analysis  
 
The energy dispersive X-ray Spectroscopy was performed on the single crystal of the studied 
compound. This analysis was aimed to check for the qualitative composition of the crystal. 
The single crystal used for this experiment (Fig. 3.9.1) was previously checked on the Buerger 
precession camera for identification. The analysis was performed with a digital raster electron 
microscope LEO 982 (982 (LEO Elektronenmikroskopie GmbH, Oberkochen, Germany). 
Data were acquired using an accelerating voltage of 15 kV and a 1 min accumulation time. 
The quantitative analysis of the spectrum was performed with the program Analyse Voyager 
[P9]. The composition obtained from the analysis was Ag3.43(2)Bi7.48(3)S13(2). No indication of 
iodine in the crystal was detectable (Fig. 3.9.2). 
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Fig. 3.9.1. Single crystal of Ag3.5Bi7.5S13 used for the structure determination and the EDX- 
analysis. 
 
 
 
Fig. 3.9.2. EDX spectrum of Ag3.5Bi7.5S13. 
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3.9.3  Crystallography 
 
Precession photographs 
 
Several single crystals of Ag3.5Bi3.5S13 (22) suitable for the X-ray investigation (0.14 × 0.04 × 
0.02 mm3) were selected and mounted on the tip of glass fibres. The 0kl, 1kl, hk0 and hk1 
photographs were recorded on a Buerger precession camera. The analysis of the photographs 
yielded to the lattice parameters a = 1325, b = 402, c = 2139 pm; β = 93.0°. These parameters 
are close to those previously reported for the substituted mummeite Cu1.34Ag2.38Pb1.44Bi6.28S13 
[80]. The reflection conditions observed on the photographs were h+k = 2n for all hkl 
suggesting C2/m, Cm or C2 as possible space groups.  
 
Collection of intensity data and structure determination 
 
A single crystal suitable for the X-ray diffraction was used for the intensity data collection at 
room temperature on an IPDS-I (Imaging Plate Diffraction System) of Stoe. Details on the 
measuring parameters are given in table A26. 
The structure solution was obtained in the space group type C2/m using the direct 
methods [P7] and the refinement was done by the full matrix least-squares techniques [P7]. 
Six crystallographycally independent metal positions M(1) to M(6) and seven sulphur 
positions were found in the structure. In the first stage of the refinement the Bi positions M(2), 
M(3) and M(5) show temperature factors larger than that of M(1) = Bi(1). This suggests that 
in place of bismuth atoms these positions are partly occupied by the lighter element Ag. On 
the other hand, the thermal parameters of the Ag positions M(4) and M(6) were smaller than 
that of Bi(1) and mixed occupation with heavy element thus Bi was also considered to these 
positions. In the subsequent refinements, this disordering model was applied to the metal 
positions and the site occupation factor for each atom type was allowed to refine. All metal 
sites were constrained to full occupation and in each case both Ag and Bi were sited at the 
same position. After several cycle of refinement, the thermal parameters of all atoms were 
more uniform and the agreement factor dropped to about 10%. In the present stage, almost all 
structure factors were acceptable but the electroneutrality of the compounds was not satisfied. 
This condition was later achieved by considering some assumptions. The M(1) position was 
definitely considered as Bi position and all sulphur positions were supposed to be fully 
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occupied. The rest of positive charge was distributed over the mixed positions with the 
restraint that the occupation of these positions satisfies the electroneutrality of the compound. 
The final chemical formula obtained was Ag3.5Bi7.5S13 with the following occupation of metal 
positions: M(2) = [79% Ag + 21% Bi], M(3) = [22% Ag + 78% Bi],  
M(4) = [16% Ag + 84% Bi], M(5) = [64% Ag + 36% Bi], M(6) = [33% Ag + 67% Bi]. The 
final refinement after absorption correction and including the secondary extinction correction 
as well as anisotropic refinement for all atoms yielded R indices given in table 3.9.1.  
Selected crystallographic data and the results of the refinement are summarized in 
table 3.9.1. The fractional atomic coordinates and isotropic displacement parameters of all 
atoms with estimated standard deviations are gathered in table 3.9.2. The connectivity 
between cations and anions in the structure with their coordination number are given in table 
3.9.3. Inter-atomic bond distances in Ag3.5Bi3.5S13 (22) are gathered in table 3.9.4. Additional 
information on the structure determination is given in table A26. The anisotropic thermal 
parameters and selected bonds angles are gathered in tables A27 and A28. 
 
Table 3.9.1: Selected crystallographic data for Ag3.5Bi7.5S13 
 
Formula Ag3.5Bi7.5S13 
Crystal system monoclinic 
Space group C2/m (No. 12) 
a (pm) 1332.4(2) 
b (pm) 404.6(1) 
c (pm) 2148.4(4) 
β (°) 92.9(1) 
V (106 pm3) 1156.5(2) 
Z 2 
Temperature (K) 297(2) 
Rint 0.040 
R1(Fo > 4σ(Fo))  0.044 
wR2 (all)  0.104 
GooF 1.070 
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Table 3.9.2: Atomic coordinates, equivalent isotropic displacement parameters Ueq (pm2) and 
occupancies for all atoms in the asymmetric unit of Ag3.5Bi7.5S13. Standard deviations 
corresponding to the last digit are indicated in brackets. All atoms are located on the mirror 
plane at y = 0. Occupation of M positions: M = qBi + (1–q)Ag with 0 ≤ q ≤ 1.  
 
Atom Wyck. q x z Ueq 
Bi(1) 4i 1 0.7641(1) 0.9154(1) 322(3) 
M(2) 2b 0.208(1) 1/2 0 461(7) 
M(3) 4i 0.777(1) 0.4823(1) 0.7856(1) 313(4) 
M(4) 4i 0.843(1) 0.1993(1) 0.7054(1) 291(4) 
M(5) 4i 0.357(1) 0.9178(1) 0.6224(1) 374(6) 
M(6) 4i 0.669(1) 0.6400(1) 0.5400(1) 322(4) 
S(1) 4i – 0.1450(3) 0.9742(3) 230(10) 
S(2) 4i – 0.4025(4) 0.8939(3) 300(10) 
S(3) 4i – 0.1199(4) 0.8150(3) 240(10) 
S(4) 4i – 0.8388(4) 0.7384(3) 320(10) 
S(5) 4i – 0.5611(4) 0.6582(3) 300(10) 
S(6) 4i – 0.2816(4) 0.5778(3) 330(10) 
S(7) 2c – 0 1/2 390(20) 
 
 
Structure description and discussion 
 
Our efforts to synthesize sulpho-iodide analogues of the homologous series 
Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) (Q = S, Se; X = Cl, Br) were unsuccessful. Only 
mixtures of ternary compounds were generally obtained. The difficulty connected with the 
synthesis of the isostructural members of this series in the iodine system (Ag – Bi – S – I) 
may be due to the large difference in the effective ionic radii of the sulphur (184 pm) and 
iodine (220 pm) [127] anions. This observation is in agreement with the analysis carried out 
by V. M. Goldschmidt [150], according to which the radii of ions substituting for each other in 
an isomorphic series of compounds usually do not differ by more than 10% – 15%.  
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The new ternary compound Ag3.5Bi7.5S13 obtained during our investigation crystallizes in the 
monoclinic space group C2/m and is isotypic to Cu1.34Ag2.38Pb1.44Bi6.28S13 [80] (Fig. 3.9.3). Its 
structure is built up according to the principle described for the pavonite homologous series 
[75]. The only structural difference with other known members of the series (AgBi6S9 (4P), 
AgBi3S5 (5P), Ag3Bi7S12 (7P)) resides in the width of the NaCl-type layer B which is eight 
octahedra thick (N = 8). Therefore, (22) can be denoted by the symbol 8P according to the 
nomenclature of pavonite homologues. 
The Bi(1) position in the structure displays a slightly distorted monocapped trigonal 
prismatic coordination of sulphur atoms (Table 3.9. 3). This position was found to be fully 
occupied by Bi atom. M(2) to M(6) positions exhibit octahedral environments with various 
degree of distortion. The octahedron around M(2) is the most distorted with two short bonds 
(256.4(3) pm) in trans positions and four more elongated bonds (287.0(8) pm) in square plane 
(Fig. 3.9.4). This type of distortion towards a linear coordination ([2+4] geometry) is 
commonly observed for Ag atoms in the structures of multinary silver containing bismuth 
chalcogenides. Typical examples are various members of the pavonite homologous series. 
The M(3) and M(4) octahedra are distorted towards a trigonal bipyramid with short bonds 
trans to long bonds. This geometry resemble to the coordination environment usually 
observed for Bi atoms (with stereochemically active lone pair) in many multinary bismuth 
sulphosalt. The M(5) and M(6) display more regular octahedral environment with bond 
distances ranging between 275.4(2) and 289.9(2) pm.  
All octahedral metal positions show mixed occupation between Ag and Bi. The 
composition of each position obtained from the refinement is consistent with the above 
analysis of the distortion of their coordination polyhedra. The M(2) position shows preference 
for Ag atoms (79%) while the M(3) and M(4) are predominantly occupied by Bi atoms (78% 
for M(3) and 84% for M(4)). In M(5) position Ag atom dominates while in M(6) more Bi 
atom is found (Table 3.9.2).  
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Fig. 3.9.3. The crystal structure of Ag3.5Bi7.5S13 projected along [010]. 
 
 
Table 3.9. 3: Connectivity of cations and anions in the structure of Ag3.5Bi7.5S13 with their 
coordination number 
 
Atom S(1) S(2) S(3) S(4) S(5) S(6) S(7) CN 
Bi(1) 3/3 2/2 2/2 0/0 0/0 0/0 0/0 7 
M(2) 4/2 2/1 0/0 0/0 0/0 0/0 0/0 6 
M(3) 0/0 1/1 3/2 2/2 1/1 0/0 0/0 6 
M(4) 0/0 0/0 1/1 2/2 2/2 1/1 0/0 6 
M(5) 0/0 0/0 0/0 1/1 2/2 2/2 1/2 6 
M(6) 0/0 0/0 0/0 0/0 1/1 3/3 2/4 6 
CN 5 4 5 5 6 6 6  
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Fig. 3.9.4. Environment of cations and anions in Ag3.5Bi7.5S13 (Ellipsoids correspond to 95% 
probability level). The corresponding bond distances are given in table 3.9.4. 
 
 
AgBi6S9 (4P), AgBi3S5 (5P), Ag3Bi7S12 (7P) and Ag3.5Bi7.5S13 (8P) are members of the 
pavonite homologous series in the ternary system Ag – Bi – S. Their general formula is 
[Bi2S3]2·[AgBiS2](N–1)/2. In the ternary Ag – Bi – S diagram these phases lie on the pseudo-
binary section Bi2S3 – AgBiS2. Various known and hypothetical members of the series can be 
derived from the first member Ag0.5Bi4.5S7 (N = 2) by successive additions of [AgBiS2]0.5 
equivalents to the NaCl-like layer B. According to the general formula the structure of 
pavonite homologues may in principle display for “odd” members ordered distribution of Ag 
and Bi among metal positions and for “even” members some octahedral positions will be 
necessary mixed occupied or a superstructure must be established.  
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Fig. 3.9.5. Occupation of metal positions in the structures of 4P, 5P, 7P and 8P pavonite 
homologues 
 
This theoretical prediction of the distribution of metal atoms over the available 
octahedral metal sites is in practice only partly satisfied. Octahedral metal positions in all 
known members of the series usually show mixed occupation between Ag and Bi (Fig. 3.9.5). 
The distribution of Ag and Bi over the available metal positions in the structures of the 4P, 5P, 
7P and 8P homologues depends on the local environment of the site (size, coordination 
number, and relative position in the structure). As depicted in figure 3.9.5, the seven-fold 
coordinated metal position Bi(1) in all homologues is fully occupied by Bi atoms. The 
octahedrally coordinated position M(2) generally shows a preference for Ag atoms. The 
octahedral positions within layer B present variable affinity to Ag and Bi. In the case of the 8P 
homologue, the concentration of Bi atoms decreases from the interface between layers A and 
B towards the centre of layer B. 
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Table 3.9.4: Selected inter-atomic bond distances (in pm) for Ag3.5Bi7.5S13  Standard 
deviations corresponding to the last digit are indicated in brackets. 
Operators for generating equivalent atoms: (i) 1–x, –y, 2–z; (ii) 1/2+x, 1/2+y, z;  
(iii) 1/2+x, –1/2+y, z; (iv) x, y, –1+z; (v) 1–x, –y, 1–z; (vi) 1/2+x, 1/2+y, –1+z;  
(vii) 1/2–x, –1/2–y, 1–z; (viii) 1/2–x, 1/2–y, 1–z; (ix) 1/2+x, –1/2+y, –1+z;  
(x) –1/2+x, –1/2+y, z; (xi) –1/2+x, 1/2+y, z; (xii) 1+x, y, z. 
 
Bi(1) — S(1i) 260.7(3) M(4) — S(3) 263.0(2) 
              S(2ii, 2iii) 279.1(7)               S(4x, 4xi) 281.3(9) 
              S(1ii, 1iii) 290.1(2)               S(5x, 5xi) 288.5(2) 
              S(3ii, 3iii) 346.6(3)               S(6) 300.4(2) 
    
M(2) — S(2iv, 2v) 256.4(3) M(5) — S(4) 275.4(2) 
              S(1vi, 1vii, 1viii, 1ix) 287.0(8)               S(6ii, 6iii) 285.1(2) 
                S(5ii, 5iii) 286.0(1) 
M(3) — S(2) 261.0(2)               S(7xii) 289.9(2) 
              S(3ii, 3iii) 278.1(8)   
              S(4x, 4xi) 292.9(2) M(6) — S(6v) 278.7(2) 
              S(5) 298.0(2)               S(5) 279.7(2) 
                S(7ii, 7iii) 285.4(10) 
                S(6ii, 6iii) 285.6(10) 
 
 
The Ag:Bi ratio in the internal octahedra tends towards the composition 1:1 observed in the 
structure of AgBiS2 [106], which represents the homologue with N → ∞.  
The distribution of Ag and Bi in the structures of the 4P, 5P, 7P and 8P homologues is 
consistent with the distortion of the corresponding coordination polyhedra. The degree of 
distortion of these polyhedra is estimated using the polyhedron distortion parameters ν, Eccv 
and Sphv [125, 126] (Fig. 3.9.6). All metal positions with high Bi content have high 
eccentricity (Eccv) values indicating the stereochemical activity of the 6s2 lone electron pair of 
the Bi atoms. Metal positions with high Ag content show low sphericity (Sphv). This is due to 
the pronounced tetragonal deformation of the octahedra towards a [2+4] coordination 
commonly observed for Ag or Cu (d10 configuration) in the structures of bismuth sulphosalts. 
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Fig. 3.9.6. Plot of the polyhedron distortion parameters (ν, Eccv and Sphv) for the metal 
coordination polyhedra in the structure of 4P, 5P, 7P and 8P. See chapter 2 for the definitions of 
ν, Eccv and Sphv. CO = Central octahedron 
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3.10  Synthesis and crystal structure of Bi6+δS6+3δCl6–3δ (δ ≤ 1) 
 
3.10.1  Synthesis 
 
Single crystals of Bi6+δS6+3δCl6–3δ (20) (δ = 0.64) and (21) (δ = 0.88) were obtained as by-
product during our investigation of quaternary compounds in the system Ag – Bi – S – Cl. A 
mixture of the starting materials Bi2S3 and AgCl in the molar ratio 3:2 was ground and sealed 
in an evacuated silica tube. The tube was placed in a furnace and heated up to 740 K in 4 h. 
This temperature was kept for 3 days and the furnace was finally allowed to cool down to 
room temperature at a rate of 5 K/min (Table 3.9.1). The resultant product was black powder 
containing single crystals with various dimensions. The examination of several of these 
crystals revealed the coexistence of three main phases namely Ag3.17Bi6.83S9.66Cl4.34 ((2, 0.53)P), 
Bi6+δS6+3δCl6–3δ and Ag1.2Bi17.6S23Cl8.  
In the present section we present the hexagonal structures of the two isotypic 
compounds Bi6.64S7.92Cl4.08 (δ = 0.64) and Bi6.88S8.64Cl3.36 (δ = 0.88) and their relation to the 
rhombohedral supercell of Bi4S5Cl2 [102]. 
 
Table 3.10.1: Parameters for the synthesis of Bi6+δS6+3δCl6–3δ 
 
Starting materials Bi2S3 + AgCl 
Composition 3:2 
Temperature program 
(1) RT to 740K in 4 h; 
(2) 740K for 3 days following by cooling to 
RT at 5 K/ min 
Crystal shape; Colour Needle-like; Black 
By-products Ag3.17Bi6.83S9.66Cl4.34, Ag1.2Bi17.6S23Cl8 
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3.10.2  EDX analysis  
 
The EDX analysis was performed on the crystal used for the determination of the structure of 
(21). The investigation was aimed to check about the possible presence of Ag atoms in the 
crystal. The experiment was performed on a digital raster electron microscope LEO 982 (LEO 
Elektronenmikroskopie GmbH, Oberkochen, Germany). Data were acquired using an 
accelerating voltage of 15 kV and a 100 s accumulation time. The semi-quantitative analysis 
of the spectrum was performed with the program Analyse Voyager [P9]. The result obtained 
shows no appreciable trace of Ag atoms in the crystal (Fig. 3.10.1). 
 
 
Fig. 3.10.1. EDX spectrum of Bi6.88S8.64Cl3.36. 
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3.10.3  Crystallography 
 
Precession photographs 
 
Single crystal of (20) (0.05 × 0.02 × 0.01 mm3) and (21) (0.05 × 0.03 × 0.03 mm3) were 
mounted on glass fibres and the hk0, hk1, 0kl, 1kl photographs were recorded. The observed 
reflection conditions (000l with l = 2n) and the Laue symmetry 6/m suggest P63 (No. 173) or 
P63/m (No. 176) as possible space groups. The rough lattice parameters calculated from these 
photographs were a = 1140 pm and c = 406 pm for (20) and a = 1154 pm and c = 404 pm for 
(21). No additional superstructure reflections that should lead to a double of the c parameter 
have been observed. 
 
Collection of intensity data and structure determination 
 
The same crystals checked with the precession camera were used for the structure 
determination. The collections of intensity data for (20) and (21) were carried out at room 
temperature on an IPDS–I diffractometer of Stoe. Additional details on the measuring 
conditions are given in table A29. The lattice parameters were refined using all recorded 
reflections. 
The structure of (21) was successfully solved by the direct methods [P7] in the space 
group P63/m. The refinement of the 31 parameters was performed by the full matrix least 
square techniques [P7]. The solution revealed all atoms positions in the asymmetric unit.  
In the first step of the refinement, the two Bi atoms Bi(1) and Bi(2) display an extraordinary 
large temperature factors and the agreement factor was very bad (about 30%). The two atoms 
were split into two statistically occupied close positions Bi(1a), Bi(1b) and Bi(2a), Bi(2b).  
The occupation of these positions was allowed to refine. A full occupation of the pairs of split 
positions was first considered. The atoms in each couple of split positions were constrained to 
display the same thermal parameter. After subsequent refinement of this model all atoms 
display more uniform thermal parameters except the two split atoms Bi(2a) and Bi(2b), which 
still have a very high temperature factor. The occupation of these positions was then refined 
“freely”. After subsequent cycles, the total occupation of the two positions decrease to about 
88% and the temperature factor of the two atoms were acceptable.  
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The mixed occupation of Ag and Bi at the Bi(2) position was also considered. 
However, crystal chemical considerations, discussed in detail below, clearly point to a partial 
occupancy of the Bi(2a) and Bi(2b) positions by Bi rather than a Ag/Bi mixed occupation. 
The final composition of the compound was calculated using the refinement of Bi positions 
and by considering the electroneutrality requirements. It was necessary to consider a S/Cl 
mixed occupation in both anions positions Z(1) and Z(2). The formula of the compound based 
on this refinement was Bi6.88(1)S8.64(3)Cl3.36(3). The final refinement after absorption correction 
and including the secondary extinction correction as well as anisotropic displacement 
parameters for all atoms yielded R indices given in table 3.10.2.  
The structure of (20) was refined using the atomic positions of (21) as the starting 
point. Similar procedure was used for the refinement. In this case the total occupation of the 
split positions Bi(2a) and Bi(2b) was about 64%, resulting in the formula 
Bi6.64(1)S7.92(3)Cl4.08(3). 
Selected crystallographic data and the results of the refinements for the two phases are 
summarized in table 3.10.2. The fractional atomic coordinates and isotropic displacement 
parameters of all atoms with estimated standard deviations are gathered in table 3.10.3. In 
order to simplify the comparison, the parameters for the two studied crystals are grouped 
according to the Wyckoff position and with respect to the increase δ. The connectivity 
between cations and anions in the structure with their coordination number are given in table 
3.10.4. Inter-atomic bond distances in the compounds are compared in table 3.10.5. 
Additional information on the structure determination is given in table A29. The anisotropic 
thermal parameters and selected bonds angles are gathered in tables A30 and A31. 
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Table 3.10.2: Selected crystallographic data for Bi6.64S7.92Cl4.08 (δ = 0.64) and Bi6.88S8.64Cl3.36 
(δ = 0.88) at 297 K  
 
Formula Bi6.64S7.92Cl4.08 Bi6.88S8.64Cl3.36 
Crystal system hexagonal 
Space group P63/m (No. 176) 
a (pm) 1142.7(2) 1154.0(2) 
c (pm) 407.1(1) 404.0(1) 
V (106 pm3) 460.4(2) 465.9(2) 
Z 1 1 
Rint 0.097 0.067 
R1(Fo > 4σ(Fo)) 0.046 0.041 
wR2 (all) 0.095 0.103 
GooF 1.057 1.097 
 
 
Table 3.10.3: Atomic coordinates, equivalent isotropic displacement parameters Ueq (pm2) 
and occupancies (k) for all atoms in the asymmetric unit of Bi6.64S7.92Cl4.08 (δ = 0.64) and 
Bi6.88S8.64Cl3.36 (δ = 0.88). Standard deviations corresponding to the last digit are indicated in 
brackets. Z = S/Cl 
 
Atom Wyck. k x y z Ueq 
0.69 0.2536(2) 0.4003(4) 1/4 242(6) Bi(1a) 6h 
0.67 0.2521(1) 0.4031(1) 1/4 323(4) 
0.31 0.2979(6) 0.4105(8) 1/4 300(3) Bi(1b) 6h 
0.33 0.3130(3) 0.4213(2) 1/4 294(6) 
0.08(1) 0 0 0.29(2) 271(2) Bi(2a) 4e 
0.11(1) 0 0 0.30(5) 290(2) 
0.08(1) 0 0 0.075(2) 271(2) Bi(2b) 4e 
0.11(1) 0 0 0.07(1) 290(2) 
1 –0.0099(5) 0.2236(5) 1/4 180(2) Z(1) 6h 
1 –0.0090(3) 0.2305(3) 1/4 245(7) 
1 0.5163(5) 0.3790(5) 1/4 200(2) Z(2) 6h 
1 0.5173(3) 0.3790(3) 1/4 235(7) 
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Structure description and discussion 
 
Bi6.64S7.92Cl4.08 (20) (δ = 0.64) and Bi6.88S8.64Cl3.36 (21) (δ = 0.88) are two members of the 
series of compounds with general formula Bi6+δS6+3δCl6–3δ with δ ≤ 1. The structural motive 
associated to this class of compounds is represented in figure 3.10.2.  
In the structure, the Bi atoms (Bi(2a), Bi(2b)) located along the 63 axes are surrounded by a 
six- membered ring of edge-sharing bicapped trigonal prisms around Bi(1a/1b). The bicapped 
trigonal prisms further share their triangular faces along [001] to form hexagonal tubes. 
Adjacent tubes are linked via common edges in such a way that “empty” triangular channel 
parallel to [001] is formed. 
 
Table 3.10.4: Connectivity of cations and anions in the structure of Bi6+δS6+3δCl6–3δ with their 
coordination number 
 
Atom Z(1) Z(2) CN 
Bi(1a/1b) 3/3 5/5 8 
Bi(2a) 9/1 0/0 9 
Bi(2b) 6/1 0/0 6 
CN 5 5  
 
 
Fig. 3.10.2. The hexagonal structure of Bi6+δS6+3δCl6–3δ with δ ≤ 1 (Bi4S5Cl2) with atom 
labeling projected along [001]. 
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The bismuth atoms inside the hexagonal tubes adopt two different types of 
coordination. The Bi(2a) displays a tricapped trigonal prismatic coordination (c.n. = 9) while 
Bi(2b) is located in a trigonally compressed octahedral environment (Fig. 3.10.3). These 
polyhedra are arranged in such a way that the octahedron shares all its coordination with the 
tricapped trigonal prisms. This arrangement in addition to the 6/m symmetry of the structure 
causes the split positions to align in very close positions about 93 pm apart (Fig. 3.10.4). In 
total there are 0.64 and 0.88 Bi per unit cell distributed over eight split positions in (20) and 
(21) respectively. This results in mean Bi – Bi distances of 636 pm and 459 pm. 
 
 
Fig. 3.10.3. Environment of cations in Bi6+δS6+3δCl6–3δ with δ ≤ 1 (Ellipsoids correspond to 
95% probability level). For bond distances see table 3.10.5 
 
 
Fig. 3.10.4. Positional disorder of Bi(2) atoms inside the channel form by the network of face-
sharing trigonal prisms.  
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Table 3.10.5: Selected inter-atomic bond distances (pm) for Bi6.64S7.92Cl4.08 (δ = 0.64) and 
Bi6.88S8.64Cl3.36 (δ = 0.88). Standard deviations corresponding to the last digit are indicated in 
brackets. Operators for generating equivalent atoms: 
(i) y, –x+y, –z; (ii) y, –x+y, 1–z; (iii) x–y, x, 1–z; (iv) x–y, x, –z; (v) 1–x, 1–y, 1–z;  
(vi) 1–x, 1–y, –z; (vii) x, y, 1+z; (viii) x, y, –1+z; (ix) x, y, 1/2–z; (x) –x, –y, –z;  
(xi) –x, –y, 1/2+z; (xii) –x, –y, 1–z; (xiii) –x, –y, –1/2+z; (xiv) –y, x–y, z; (xv) –x+y, –x, z. 
 
 δ = 0.64 δ = 0.88 
Bi(1A) — Z(1) 265.8(5) 265.4(3) 
                 Z(1i, 1ii) 269.1(3) 269.0(1) 
                 Z(2iii, 2iv) 307.1(5) 304.5(3) 
                 Z(2) 313.1(7) 320.8(4) 
                 Z(2v, 2vi) 328.4(4) 328.5(2) 
   
Bi(1B) — Z(2) 269.3(2) 263.6(5) 
                 Z(1i, 1ii) 269.0(5) 271.9(1) 
                Z(2v, 2vi) 305.5(5) 295.2(2) 
                Z(1) 306.9(7) 323.6(3) 
                Z(2iii, 2iv) 334.6(8) 340.7(3) 
   
Bi(2A) — Z(1, 1xiv, 1xv) 261.9(3) 272.1(2) 
                 Z(1ii, 1iii, 1xii) 321.5(3) 326.6(2) 
                 Z(1i, 1iv, 1x) 341.5(4) 350.7(2) 
   
Bi(2B) — Z(1, 1xiv, 1xv) 270.9(2) 281.0(2) 
                 Z(1i, 1iv, 1x) 292.9(3) 300.4(3) 
 
As depicted in figure 3.10.5, the structure of Bi6+δS6+3δCl6–3δ can be cut from the 
rhombohedral structure of Bi4S5Cl2 [102]. The arrangement of atoms is the same in both 
structures except of the distribution of the Bi atoms inside the channel. In the rhombohedral 
structure (Vrh = 9 Vhex) the atoms are ordered within the hexagonal channels. In the hexagonal 
substructure a positional disorder of the Bi sites is observed. The occupation of the available 
Bi positions along the channel can vary. The variability of the amount of Bi atoms that can be 
found inside the channel is connected with the substitution in anion positions of bivalent S 
atoms by univalent Cl atoms. This substitution yields to the occurrence of a series of 
isostructural compounds with general formula Bi6+δS6+3δCl6–3δ (δ ≤ 1) where δ corresponds to 
the amount of Bi atoms found inside the channel. The composition obtained from the 
refinement of (20) (δ = 0.64) is close to that of Bi4S5Cl2 (δ = 0.67) [102] but the 
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superstructure reported for Bi4S5Cl2 is not observed. This may result from the high 
temperature synthesis of Bi6+δS6+3δCl6–3δ (δ ≤ 1) compared to the vapour growth of crystals of 
Bi4S5Cl2. Obviously, the high temperature synthesis leads to disorder and by the way allows 
higher degree of filling of the channel (δ ≥ 2/3). 
According to the structures of Bi6.64S7.92Cl4.08 (20) (δ = 0.64) and Bi6.88S8.64Cl3.36 (21) 
(δ = 0.88) the increase of Bi content inside the channel causes an expansion of the framework 
(∆V/V = 1.2 %) (Table 3.9.2). The variability of the cell parameters with increasing δ is 
positive in [100] (∆a/a = 1%) and negative in [001] (∆c/c = –0.8%). The inter-atomic bond 
distances around Bi(2) are also affected (Table 3.10.5). 
(20) and (21) can also be viewed as a new member of the zinckenite homologous 
series. Members of this series are represented by the general formula M6+δ+N(N+5)A12+N(N+7) 
with δ ≤ 1 with M = cations and A = anions, primarily sulphur atoms [103], and N = number 
of polyhedra within the layers that separate adjacent hexagonal tubes. The hexagonal structure 
of Bi6+δS6+3δCl6–3δ corresponds to the case N = 0 member with (δ = 0.64 and 0.88). Other 
known members of the series include Pb7S2Br10 (N = 0, δ = 1) [104], Th7S12 (N = 0, δ = 1) 
[105], Bi(Bi2S3)9I3 (N = 1, δ = 0.67) [101], Bi(Bi2S3)9Br3 (N = 1, δ = 0.67) [100] and 
Pb9Sb22S42 (N = 3, δ = 1), zinckenite [103]. 
 
 
Fig. 3.10.5. Comparison of the rhombohedral structure of Bi4S5Cl2 (A) [102] with the 
hexagonal setting (B) of Bi6+δS6+3δCl6–3δ. 
 
The existence of the hexagonal substructure of Bi4S5Cl2 has been predicted in order to 
satisfy the cell requirements necessary for the member N = 0 of the zinckenite homologous 
series [103]. The composition of the unit cell should be Bi6.67S8Cl4 (δ = 0.67) (Z = 9) if the 
full occupation of all atom positions in the space group R3  is maintained). The lattice 
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parameters of this “ideal” compound may be related to those of the rhombohedral cell by the 
relations  
ar = √3 ah                  (3.10.1) 
cr = 3 ch                   (3.10.2) 
Vr = 9 Vh                   (3.10.3) 
These equations can be obtained from the representation pictured in figure 3.10.6.  
 
Fig. 3.10.6. Relationship between the rhombohedral (black) and the hexagonal (light gray) 
unit cells of Bi4S5Cl2. 
 
In the view of the general characteristic of various members of the zinckenite 
homologous series (such as the incomplete occupation of the hexagonal channel) and the 
existence of triangular “empty” channels between three neighbouring hexagonal tubes, the 
series Bi6+δS6+3δCl6–3δ offers possibilities of designing numerous isostructural compounds. In 
fact the variation of charge generated by the substitution of S by Cl can be compensated either 
by varying the Bi content inside the 63 channel or by addition of small size cation such as Cu 
that may reside in the empty triangular channel or undergo mixed site occupation with the Bi 
atom inside the hexagonal channel. In the first case the variation of the S/Cl ratio may 
generate isostructural compounds with composition ranging between BiSCl (δ = 0) and 
Bi7S9Cl3 (δ = 1). For the Bi-poor end member (δ = 0) the hexagonal structure of the series 
obviously collapses in favour of the orthorhombic structure adopted by BiSCl. The strong 
dependence of the cell parameters to the variation of Bi content inside the channel observed 
for the two members we have investigated is favourable to this symmetry reduction. In the 
case of Bi-rich end member (δ = 1), the hexagonal structure may be maintained as can be seen 
for the structures of Pb7S2Br10 [104] and Th7S12 [105]. 
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3.11  Synthesis and crystal structure of Ag1.2Bi17.6S23Cl8 (18) 
 
3.11.1  Synthesis 
 
Single crystals of Ag1.2Bi17.6S23Cl8 (18) were obtained as a by-product during our 
investigation of quaternary compounds in the system Ag – Bi – S – Cl. The procedure for the 
synthesis was the same as the one described in section 3.10. It was found that 
Ag1.2Bi17.6S23Cl8 coexists with Ag6xBi10–6xS16–12xCl12x–2 (1/2 ≤ x ≤ 1) ((2, x)P) and  
Bi6+δS6+3δCl6–3δ. The crystal structures of the two latter compounds were described in sections 
3.3 and 3.10 respectively. In the present section we present the crystal structure of 
Ag1.2Bi17.6S23Cl8 and its relation to the structures of Ag6xBi10–6xS16–12xCl12x–2 and 
Bi6+δS6+3δCl6–3δ.  
 
 
3.11.2  Crystallography 
 
Precession photographs 
 
Single crystal of (18) with approximate dimension 0.07 × 0.04 × 0.03 mm3 was used for the 
X-ray investigation. The crystal, mounted on a glass fibre so that the long dimension (b 
direction) is parallel to the fibre, was first checked on a Buerger precession camera. The hk0, 
hk1, 0kl, 1kl photographs (Fig. 3.11.1) were recorded using a zirconium filtered Mo radiation. 
The analysis of the photographs revealed the monoclinic Laue class 2/m. The rough lattice 
parameters calculated from the photographs were a = 5300, b = 400, c = 1160 pm; β = 94.4°. 
The examination of reflection conditions indicated that only reflections with h+k = 2n for all 
hkl are observed suggesting C2, Cm or C2/m as possible space groups.  
In order to search for additional diffuse reflections that may yield to the double or 
triple of the b parameter (superstructure reflections), a Weissenberg rotation photograph of the 
crystal (mounted parallel to the b axis) was recorded using Mo radiation. The diffraction 
pattern obtained shows no trace of diffuse lines between the intense ones (Fig. 3.11.2) 
attesting the result obtained from the precession camera. 
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Fig. 3.11.1. Precession photographs of Ag1.2Bi17.6S23Cl8, hk0 (left) and hk1 (right) nets. 
 
 
Fig. 3.11.2. Weissenberg rotation photograph of Ag1.2Bi17.6S23Cl8 (The white space between 
the lines is due to overexposure of the image). 
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Collection of intensity data and structure determination 
 
The crystal checked to the precession camera was used for the single crystal structure 
determination. Parameters for the collection of intensity data are gathered in table A32.  
The crystal solution was successfully achieved in the space group type C2/m using the 
direct methods [P7] and the refinement was done by the full-matrix least squares technique 
[P7]. The solution reveals the positions of all bismuth and silver atoms together with some of 
the anions positions. In subsequent refinement steps the positions of the remaining anions 
were deduced from the difference Fourier syntheses. 
Nine bismuth atoms Bi(1-9) and one silver atom Ag(1) were found in the asymmetric 
unit. The thermal parameter of Bi(2) was high compared to those of the other bismuth atoms. 
This suggests that the Bi(2) = {M(2)} position in addition to Bi atoms also contains Ag. On 
the other hand, high residual electron density was observed around Bi(8) and Bi(9). The two 
atoms were then split into two close positions and the occupation of these split positions was 
allowed to refine. Both split positions were first constrained to fully occupation and each 
couple of split atoms was forced to display the same thermal factor. After the refinement of 
this model, the thermal parameters of all atoms were more uniform except that of the two split 
Bi(9) atoms, which still have very high temperature factor. The occupation of both positions 
was then refined “freely”. After subsequent cycles, the total occupation of the two positions 
decreases to about 91%. The temperature factor of the two spilt atoms was acceptable.  
The differentiation between the S and Cl positions was obtained by the calculation of the bond 
valence sums. The calculated values are in good agreement with the expected bond valence 
sums for each element (Table 3.11.1). Some uncertainties are due to the splitting of cation 
positions and mixed occupation. The final refinement after absorption correction and 
including the secondary extinction correction as well as anisotropic displacement parameters 
for all atoms yielded R indices given in table 3.11.2. The formula of the compound based on 
the refinement was Ag1.2(1)Bi17.6(1)S23Cl8.  
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Table 3.11.1: Bond valence sums for S and Cl in Ag1.2Bi17.6S23Cl8 
 
Atoms Expected
values 
Calculated 
values 
S(1) 2 2.15 
S(2) 2 1.90 
S(3) 2 2.07 
S(4) 2 2.00 
S(5) 2 2.03 
S(6) 2 2.04 
S(7) 2 1.79 
S(8) 2 2.08 
S(9) 2 2.03 
S(10) 2 2.06 
S(11) 2 2.06 
S(12) 2 1.85 
Cl(1) 1 1.03 
Cl(2) 1 0.80 
Cl(3) 1 0.90 
Cl(4) 1 1.02 
 
 
Selected crystallographic data and the results of the refinement are summarized in 
table 3.11.2. The fractional atomic coordinates and isotropic displacement parameters of all 
atoms with estimated standard deviations are gathered in table 3.11.3. The connectivity 
between cations and anions in the structure with their coordination number are given in table 
3.11.4. Inter-atomic bond distances are gathered in table 3.11.5. Additional information on the 
structure determination is given in table A32. The anisotropic thermal parameters and selected 
bonds angles are listed in tables A33 and A34. 
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Table 3.11.2: Selected crystallographic data for Ag1.2Bi17.6S23Cl8 
 
Formula Ag1.2Bi17.6S23Cl8 
Crystal system monoclinic 
Space group C2/m (No. 12) 
a (pm) 5303.6(9) 
b (pm) 403.0(1) 
c (pm) 1164.3(4) 
β (°) 94.4(1) 
V (106 pm3) 2481.2(2) 
Z 2 
Temperature (K) 293(1) 
Rint 0.072 
R1(Fo > 4σ(Fo)) 0.044 
wR2 (all) 0.053 
GooF 0.992 
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Table 3.11.3: Atomic coordinates, equivalent isotropic displacement parameters Ueq (pm2) 
and occupancies (k) for all atoms in the asymmetric unit of Ag1.2Bi17.6S23Cl8. Standard 
deviations corresponding to the last digit are indicated in brackets.  
* M(2) = 0.888(4)Bi + 0.112(4)Ag 
 
Atom Wyck. k x y z Ueq 
Bi(1) 4i 1 0.04324(2) 1/2 0.78245(9) 237(3) 
M(2) 4i * 0.02804(2) 0 0.39412(9) 247(5) 
Bi(3) 4i 1 0.10985(2) 1/2 0.4952(1) 342(3) 
Bi(4) 4i 1 0.07293(2) 0 0.08152(9) 221(3) 
Bi(5) 4i 1 0.12619(2) 1/2 –0.10929(9) 237(3) 
Bi(6) 4i 1 0.21403(2) 0 –0.02642(9) 313(3) 
Bi(7) 4i 1 0.23098(2) 1/2 0.2994(1) 291(3) 
Bi(8a) 4i 0.5 0.17636(6) 0 0.5990(3) 202(7) 
Bi(8b) 4i 0.5 0.18486(6) 0 0.5636(3) 218(7) 
Bi(9a) 4i 0.458(4) 0.15328(6) 0 0.2169(3) 395(9) 
Bi(9b) 8j 0.226(4) 0.15349(8) 0.199(2) 0.2136(3) 390(2) 
Ag(1) 2a 1 0 0 0 302(9) 
S(1) 4i 1 –0.0084(1) 0 0.2163(5) 120(2) 
S(2) 2d 1 0 1/2 1/2 380(4) 
S(3) 4i 1 0.0379(1) 1/2 0.0027(5) 100(2) 
S(4) 4i 1 0.0822(1) 0 0.8660(5) 130(2) 
S(5) 4i 1 0.1098(1) 1/2 0.0956(6) 200(3) 
S(6) 4i 1 0.1090(1) 0 0.3374(5) 220(3) 
S(7) 4i 1 0.1304(1) 0 0.6635(5) 130(2) 
S(8) 4i 1 0.1548(1) 0 –0.0198(6) 210(3) 
S(9) 4i 1 0.1580(1) 1/2 0.4573(5) 150(2) 
S(10) 4i 1 0.1988(1) 1/2 0.1116(5) 130(2) 
S(11) 4i 1 0.2005(1) 0 0.3501(5) 140(3) 
S(12) 4i 1 0.2528(1) 0 0.1304(5) 170(3) 
Cl(1) 4i 1 0.0540(1) 1/2 0.2927(6) 270(3) 
Cl(2) 4i 1 0.0649(1) 0 0.5806(5) 230(3) 
Cl(3) 4i 1 0.1827(1) 1/2 0.7788(5) 190(3) 
Cl(4) 4i 1 0.2275(1) 1/2 0.5734(5) 230(3) 
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Structure description and discussion 
 
(18) crystallizes with two formula units in the monoclinic space group C2/m and adopts a new 
structure type. A polyhedra representation of the structure projected along [010] is shown in 
figure 3.11.3. As depicted in the figure, the structure of Ag1.2Bi17.6S23Cl8 can be subdivided 
into to two distinct types of complex building units that alternate along [100]. These building 
units denoted “Bi4S5Cl2” and “Ag3Bi7S10Cl4” are infinitely long in the plane (100). They are 
arranged parallel to one another to form the complex three-dimensional framework.  
 
 
Fig. 3.11.3. A polyhedral representation of the structure of Ag1.2Bi17.6S23Cl8 projected along 
[010]. The two alternating types of structural units that build the structure are highlighted. 
 
The first structural unit denoted “Bi4S5Cl2” (Fig. 3.11.4) contains one six-fold 
coordinated Bi atom Bi(9b), six eight-fold coordinated Bi atoms Bi(3) to Bi(8) and one nine 
fold coordinated Bi atom Bi(9a). All Bi atoms with coordination number (c.n.) = 8 exhibit 
bicapped trigonal prismatic environment of S and Cl (Fig 3.11.5) with various degree of 
distortion (The geometry of their coordination polyhedra are of the types [1+2+2+2+1] or 
[1+2+2+1+2]). These polyhedra differ from each other by the number and the arrangement of 
S and Cl in their coordination (Table 3.11.4). The composition of the polyhedra varies from 
[BiS7Cl] to [BiS4Cl4]. The coordination polyhedra around Bi(9a) and Bi(9b) are respectively 
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similar to those described for Bi(2a) and Bi(2b) in the structure of Bi6+δS6+3δCl6–3δ (section 
3.10). 
The arrangement of atoms in this structural unit is almost the same as the one 
described in the structure of Bi6+δS6+3δCl6–3δ. The only structural difference is the density of 
Bi atoms inside the channel. In the present case there are 0.91 Bi per channel and translational 
period in [010] direction. This results in mean Bi – Bi distance of 443 pm.  
 
Fig. 3.11.4. “Bi4S5Cl2” building unit with atom labeling. 
 
The large thermal parameter observed for Bi(9a) and Bi(9b) atoms (about 395 pm2) is 
probably caused by the positional disorder inside the tunnel and indicated a possibly “rattling” 
of these atoms about their crystallographic site or further fine tuning of positions. 
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Fig. 3.11.5. Environment of cations in “Bi4S5Cl2” structural unit (Ellipsoids correspond to 
95% probability level). For bond distances see table 3.11.5 
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Table 3.11.5: Selected inter-atomic bond distances (pm) in Ag1.2Bi17.6S23Cl8 (18). Standard 
deviations corresponding to the last digit are indicated in brackets. 
Operators for generating equivalent atoms: (i) x, y–1, z–1; (ii) x, y, z–1; (iii) x, y+1, z–1;  
(iv) x, y–1, z; (v) x, y+1, z; (vi) –x, –y, 1–z; (vii) –x, –y+1, 1–z; (viii) –x, –y, –z;  
(ix) x, y–1, z+1; (x) x, y, z+1; (xi) x, y+1, z+1; (xii) 1/2–x, –y–1/2, –z; (xiii) 1/2 –x, 1/2–y, –z; 
(xiv) 1/2–x, 1/2–y, 1–z; (xv) 1/2–x, 1/2–y,1–z; (xvi) x, –1–y, z; (xvii) x, –y, z;  
(xviii) x, 1–y+1, z; (xix) –x, –1–y, –z; (xx) –x, 1–y, –z. 
 
Bi(1) – S(3x) 260.2(6) Bi(7) – S(10) 266.8(7) 
            S(1vi, 1vii) 273.6(5)             S(11, 11v) 267.6(4) 
            S(4, 4v) 299.6(5)             S(12, 12v) 310.2(5) 
            Cl(2, 2v) 336.5(5)             Cl(4) 321.0(7) 
            S(2) 386.2(2)             Cl(4xiv, 4xv) 325.7(6) 
    
Bi(2) – S(1) 272.0(7) Bi(8a) – S(7) 260.7(7) 
            Cl(1, 1iv) 275.6(4)                 S(9, 9iv) 273.5(6) 
            Cl(2) 280.9(7)                 Cl(3, 3iv) 290.7(6) 
            S(2, 2iv) 284.1(1)                 S(11) 325.7(7) 
                  Cl(4, 4iv) 340.9(6) 
Bi(3) – S(9) 262.7(7)   
            S(6, 6v) 272.5(5) Bi(8b) – S(11) 268.1(7) 
            S(7, 7v) 295.9(5)                S(9, 9iv) 271.0(6) 
            Cl(2, 2v) 332.9(5)                Cl(4, 4iv) 302.3(6) 
            Cl(1) 364.3(8)                S(7) 319.7(7) 
                 Cl(3, 3iv) 322.5(6) 
Bi(4) – S(4ii) 259.4(6)   
            S(5, 5iv) 280.4(5) Bi(9a) – S(8) 276.3(8) 
            S(3, 3iv) 284.6(5)                S(6) 282.8(8) 
            Cl(1, 1iv) 339.1(5)                S(11) 284.4(8) 
            S(6) 341.4(7)                S(5, 5iv) 329.7(7) 
                 S(9, 9iv) 344.2(6) 
Bi(5) – S(5) 260.1(7)                S(10, 10iv) 344.2(6) 
            S(8, 8v) 268.5(5)   
            S(4ii, 4iii) 307.8(5) Bi(9b) – S(8) 283.9(8) 
            S(7ii, 7iii) 334.7(5)                S(5) 287.1(9) 
            Cl(3ii) 335.7(6)                S(11) 296.4(8) 
                 S(6) 296.9(8) 
Bi(6) – S(12) 264.4(7)                S(10) 301.6(8) 
            S(10, 10iv) 273.8(4)                S(9) 307.9(8) 
            S(12xii, 12xiii) 299.2(5)   
            S(8) 314.7(7) Ag(1) – S(1, 1viii) 259.0(6) 
            Cl(3i, 3ii) 337.4(6)              S(3, 3iv, 3viii, 3xx) 284.4(4) 
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Fig. 3.11.6. The “Ag3Bi7S10Cl4” building unit with atom labeling. The two alternating type of 
layers that compose the unit are indicated.  
 
The second structural unit denoted “Ag3Bi7S10Cl4” (Fig. 3.11.6) consists of Bi(1), 
M(2), Ag(1) and Bi(4) cations. The Bi(1) atom is located in a monocapped trigonal prismatic 
coordination of five S and two Cl atoms. The additional S(2) atom that may complete the 
coordination to a bicapped trigonal prisms is situated at about 386 pm. The Bi(4) atom, which 
is common to the two types of layer, displays a bicapped trigonal prismatic coordination of 
six S and two Cl atoms. The geometry of the coordination polyhedron is similar to that of 
Bi(1) with one additional S atom at 341 pm. The M(2) position exhibits a slightly distorted 
octahedral environment of three S and three Cl atoms. This coordination is distorted towards a 
trigonal bipyramid with short bonds trans to long bonds. M(2) position in the structure shows 
mixed occupation between Ag and Bi with a large preference for the Bi atom (88.9 %). The 
single Ag(1) position is located in a more distorted octahedral environment of S atoms. The 
coordination polyhedron is distorted towards a linear coordination ([2+4] geometry) with two 
short bonds in trans position and four long bonds in square plane (Fig. 3.11.7).  
   Results and discussion 
 
196
The atomic arrangement in this building unit is essentially the same as in the structure 
of Ag6xBi10–6xS16–12xCl12x–2 (1/2 ≤ x ≤ 1) ((2, x)P) already described in section 3.3 (Fig. 3.11.8). 
 
 
Fig. 3.11.7. Environment of cations in the “Ag3Bi7S10Cl4” structural unit (Ellipsoids 
correspond to 95% probability level). For bond distances see table 3.11.5 
 
 
Fig. 3.11.8. The structure of Ag6xBi10–6xS16–12xCl12x–2 (N = 2) showing a possible cut of the 
“Ag3Bi7S10Cl4” type building unit. 
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The complete structure of Ag1.2Bi17.6S23Cl8 is constructed by connecting side by side 
the two alternating types of structural units through the bicapped trigonal prisms around Bi(4) 
(Fig. 3.11.9). The structure of Ag1.2Bi17.6S23Cl8 can thus be viewed as a complex intergrowth 
of two structure types.  
 
 
Fig. 3.11.9. Modular construction of the structure of Ag1.2Bi17.6S23Cl8. The two building units 
that build the structure are connected through the bicapped trigonal prisms around Bi(4) atom. 
 
 
As was mentioned in section 3.11.1 (synthesis), single crystals of Bi6+δS6+3δCl6–3δ 
(hexagonal, P63/m) which corresponds to the ideal N = 0 member of the zinckenite 
homologous series (section 3.10) and Ag3.17Bi6.83S9.66Cl4.34 (monoclinic, C2/m) representing 
the homologue with N = 2 and x = 0.53 of the homologous series  
Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) (section 3.3) were obtained together with the 
single crystal of Ag1.2Bi17.6S23Cl8 in the same reaction product. In the view of this result and 
regarding the close structural relationship between the structures of these three phases, it 
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becomes necessary to investigate in details all structural similarities (cell dimensions, 
coordination of corresponding atoms, distortion of corresponding coordination polyhedra) 
between the three structures.  
This analysis is expected to: 
(i)  elucidate the structural features favorable to the intergrowth of “Bi4S5Cl2” and 
“Ag3Bi7S10Cl4” building units, 
(ii)  study the distortion of the corresponding polyhedra around cations in the intergrowth 
structure, 
(iii)  understand the nature of the reaction products. 
In order to study the relationships between these structures we have analyzed the 
coordinations of cations in each compound using the polyhedron distortion parameters (ν, 
Eccv, SPHv) recently devised by Mackovicky et al. [125, 126]. The calculated values of these 
parameters for polyhedra around cations in the structure of Ag1.2Bi17.6S23Cl8 are then 
compared to those of corresponding polyhedra in the structures of Ag3.17Bi6.83S9.66Cl4.34 (6) 
and Bi6.88S8.64Cl3.36 (21). The procedure for the calculation of these parameters is described in 
section (2.2.1.3). The result obtained for Ag1.2Bi17.6S23Cl8 (18), Ag3.17Bi6.83S9.66Cl4.34 (6) and 
Bi6.88S8.64Cl3.36 (21) are summarized in table 3.11.6.  
In order to facilitate the comparison, these parameters are grouped according to the 
“correspondence” between atoms positions in these structures. It can be observed that the 
polyhedra around Bi(3) to Bi(8), which form the hexagonal tube in the intergrowth structure 
show almost the same value of the three distortion parameters. This result is in agreement 
with our description according to which the corresponding building unit (“Bi4S5Cl2”) may be 
a cut of the structure of Bi4S5Cl2 in which all the Bi atoms forming the channel are 
crystallographically equivalent. The small deviations observed in their distortion parameters 
are due to the fact that in the intergrowth structure the 63-screw axis going through the 
channel is not more present. These atoms as well as Bi(1) in the intergrowth structure display 
very large values of eccentricity demonstrating the sterochemical activity of the 6s2 lone pair 
of Bi atoms. 
Furthermore it can be observed from table 3.11.6 that: 
(i) the coordination number of the constituting atoms in each substructure is 
maintained in the intergrowth structure. 
(ii) corresponding polyhedra with the same coordination number in the substructures 
as well as in the intergrowth structure display almost the same values of the 
polyhedron distortion parameters (ν, Eccv, Sphv). 
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These results suggest that the geometry and the type of distortion of individual polyhedron in 
each substructure are maintained during the formation of the intergrowth structure. 
Interestingly, the polyhedron around Bi(4) atom, which acts as the connecting point 
between both building units in the intergrowth structure, presents almost the same values of 
the distortion parameters (υ, Eccv and Sphv) with the corresponding positions (Bi(1)) in the 
structures of Bi6.88S8.64Cl3.36 and Ag3.17Bi6.83S9.66Cl4.34. This observation suggests that the 
Bi(4) position may result from the overlapping of the two Bi(1) positions of both 
substructures during the formation of the intergrowth structure. In fact, the similarity of the 
coordination number, and the polyhedron distortion parameters for Bi(1) (Table 3.11.6) in 
both substructures is favourable to their easy interpenetration during the construction of the 
intergrowth structure. 
In addition to the above analysis, which corroborates very well the high similarity of 
polyhedra distortion in these three compounds, the formation of the intergrowth structure 
from the combination of the Bi6.88S8.64Cl3.36 and Ag3.17Bi6.83S9.66Cl4.34 structure types is also 
favoured by two main factors: 
(i)  the high similarity of the (100) planes exhibited by the hexagonal structure of 
Bi6.88S8.64Cl3.36 (a ≈ 1154 pm, b ≈ 404 pm) and the monoclinic structure of 
Ag3.17Bi6.83S9.66Cl4.34 (c ≈ 1180 pm, b ≈ 404 pm) (Fig. 3.11.9),  
(ii)  the orientation of the connecting polyhedra (Bi(1)) in both substructures (Fig.3.11.9).  
The combination of these two structural units is so that the topology of the interfacial 
structure remains almost unchanged when they form the intergrowth structure. 
The above structural analysis is also in agreement with the fact that single crystals of 
the three phases were found in the same preparation. It seems that the occurrence of the 
intergrowth structure required first the formation of Bi6.88S8.64Cl3.36 and Ag3.17Bi6.83S9.66Cl4.34 
structure types.  
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Table 3.11.6: Comparison of the distortion of polyhedra around cations in Ag1.2Bi17.6S23Cl8 
(18), Ag3.17Bi6.83S9.66Cl4.34 (6) and Bi6.88S8.64Cl3.36 (21) 
 
Structure 
part 
Atom CN Sphere radius 
and std 
deviation (Å) 
Sphere 
volume 
(Å3) 
Polyhedron 
volume 
(Å3) 
 
(υ) 
 
(Eccv) 
 
Sphv 
Bi(1)(18) 7 2.985±0.028 111.409 35.765 0.1516 0.4062 0.9719
Layer A 
Bi(1)(6) 8 3.051±0.131 118.960 49.480 0.0140 0.4916 0.8712
         
Bi(2)(18) 6 2.788±0.018 90.775 28.829 0.0023 0.0805 0.9806
Layer B 
Bi(2)(6) 6 2.811±0.053 93.040 29.450 0.0056 0.0473 0.9434
         
Bi(1)(21) 8 2.997±0.066 112.758 46.485 0.0145 0.3804 0.9339
Bi(3)(18) 8 3.034±0.168 116.986 48.070 0.0177 0.4318 0.8339
Bi(4)(18) 8 2.992±0.069 112.195 46.600 0.0071 0.4326 0.9308
Bi(5)(18) 8 3.023±0.096 115.718 47.610 0.0164 0.4283 0.9047
Bi(6)(18) 8 2.997±0.042 112.758 46.749 0.0088 0.3984 0.9580
Bi(7)(18) 8 3.002±0.082 113.324 46.794 0.0129 0.3762 0.9181
Hexagonal 
tubes 
Bi(8)(18)  8 2.984±0.067 111.297 45.939 0.0133 0.4315 0.9326
         
Bi(9a)(18) 9 3.198±0.293 137.001 66.491 0.0053 0.0847 0.7251
Bi(2a)(21) 9 3.162±0.334 132.426 64.537 0.0011 0.1797 0.6831
        
Bi(9b)(18) 6 2.949±0.034 107.427 26.752 0.2177 0.1367 0.9654
Channel 
Bi(2b)(21) 6 2.898±0.000 101.949 25.815 0.2045 0.2653 1.0000
         
Ag(1)(18) 6 2.759±0.131 87.972 27.174 0.0296 0.0000 0.8576Layer A 
 Ag(1)(6) 6 2.770±0.138 89.029 27.694 0.0228 0.0000 0.8505
         
Bi(1)(6) 8 3.051±0.131 118.960 49.480 0.0140 0.4916 0.8712
Bi(1)(21) 8 2.997±0.066 112.758 46.485 0.0145 0.3804 0.9339
Connecting 
polyhedra 
Bi(4)(18) 8 2.992±0.069 112.195 46.600 0.0071 0.4326 0.9308
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3.12  Synthesis and crystal structure of AgBi4Se5Br3 (19) 
 
3.12.1  Synthesis 
 
AgBi4Se5Br3 (19) was synthesized by direct combination of AgBr and Bi2Se3 in the molar 
ratio 1:1. The mixture of the starting materials was thoroughly ground and transferred into a 
silica tube, which was flame-sealed under a pressure of 10–2 Torr. The tube was placed in a 
one zone tubular oven and the temperature was subsequently increased up to 750 K for 2 h. 
The oven was then rapidly cooled to 680 K, isothermed for 2 days and then finally cooled to 
room temperature with a rate of about 5 K/min. The resultant product consists of black plate–
like single crystals of AgBi4Se5Br3. The crystals are air stable and can be handled for long 
time (more than a year) under ambient conditions without evident sign of decomposition. 
More details on the conditions of synthesis are given in table 3.12.1. 
 
Table 3.12.1: Parameters for the synthesis of AgBi4Se5Br3 
 
 AgBi4Se5Br3 
Starting materials AgBr + Bi2Se3  
Composition  1:1 
Temperature 
program 
(1) RT to 670 K in 24 h;  
(2) 670 K for 12 h; 
(3) 670 K to700 K in 5 h; 
(4) 700 K for 12 h; 
(5) 700 K to 750 K in 4 h; 
(6) 750 K for 2 h; 
(7) 750 K to 680 K in 1 h; 
(8) 680 K for 2 days 
followed by cooling to RT 
at 5 K/min 
Total mass 300 mg 
Colour; shape  Black; plate–like needle 
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3.12.2  Crystallography 
 
Precession photographs 
 
Several crystals of AgBi4Se5Br3 were mounted on glass fibres and the hk0, hk1, 0kl, 1kl 
photographs were recorded. The observed diffraction patterns indicate the Laue symmetry 
2/m. The reflection condition observed (0k0 with k = 2n) suggests P21 and P21/m as space 
group alternatives. The calculated lattice parameters a = 808, b = 413, c = 1133 pm; β = 103° 
were close to those of the isostructural compounds AgBi2Q3Cl (Q = S, Se) [121]. 
 
Collection of intensity data and structure determination 
 
The single crystal (0.10 × 0.04 × 0.04 mm3) used for the collection of intensity data was 
selected from the ones tested on the Buerger precession camera. Details on the measuring 
parameters are given in table A35. 
The structure of (19) was refined [P7] in the space group P21/m using the atomic 
coordinates of AgBi2Se3Cl [121] as the starting point. The Se and Br positions were obtained 
by analogy with the structure of AgBi2Se3Cl. In the first steps of the refinement the agreement 
factor R1 rapidly dropped to about 11%. At this point the temperature factor of Ag was 
extraordinarily large (about ten times the average of the thermal parameters of others atoms). 
This large thermal effect suggests either a positional disorder around the Ag site or a partial 
occupation (vacancy) of the site by Ag atoms. In the next steps, attempts to split this site into 
two positions statistically occupied by Ag atoms yield no encouraging results. The best 
convergence of the structure solution was obtained by “freely” refining the occupation of the 
Ag position. It was found that only 50% of the position are occupied by Ag atoms leading to 
the formula “[Ag0.5Bi2Se3Br]–1/2”.  
The refinement of the structure of (19) in the noncentrosymmetric space group Pm 
including the inversion twin also yielded to similar partial occupation of the Ag positions. 
Furthermore, large correlations were found between different atoms suggesting P21/m as the 
appropriate space group. 
The reduction of the Ag content also required the diminution of the total negative 
charge in the structure. This condition can be achieved by partial substitution of Se by Br. In 
other to determine the Se positions that may be affected by this operation, the bond valence 
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sums calculation for anions was performed. The expected and calculated values are compared 
in table 3.12.2. 
 
Table 3.12.2: Bond valence sums around anions in AgBi4Se5Br3 
 
Atom Expected Calculated 
Z(1) = Se 2 1.79 
Se(2) 2 2.34 
Se(3) 2 2.30 
Br(2) 1 0.90 
 
According to this table the observed bond valence sums around Z(1) atom in contrary to 
others Se atoms is smaller than the expected value. Furthermore, the value of 1.79 obtained is 
not far away form the average value of 1.62 for a possible [50% Se + 50% Br] mixed 
occupation of the position. Following these theoretical considerations the Se(1) = {Z(1)} 
position was assumed to be occupied by Se and Br in a ratio 1:1 (50%) which corresponds to 
the electroneutral compound AgBi4Se5Br3. Both types of atoms were forced to have the same 
coordinates and thermal parameters. The refinement of this model yielded no significant 
change on the residual R values. The final refinement after absorption correction and 
including the secondary extinction correction as well as anisotropic displacement parameters 
for all atoms yielded R indices given in table 3.12.3.  
Selected crystallographic data and the results of the refinement are summarized in 
table 3.12.3. The fractional atomic coordinates and isotropic displacement parameters of all 
atoms with estimated standard deviations are gathered in table 3.12.4. The connectivity 
between cations and anions in the structure with their coordination number are given in table 
3.12.5. Inter-atomic bond distances are gathered in table 3.12.6. Additional information on the 
structure determination is given in table A35. The anisotropic thermal parameters and selected 
bonds angles are listed in tables A36 and A37. 
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Table 3.12.3: Selected crystallographic data for AgBi4Se5Br3 
 
Formula AgBi4Se5Br3 
Crystal system monoclinic 
Space group P21/m (No. 11) 
a (pm) 808.5(2) 
b (pm) 413.1(1) 
c (pm) 1133.4(3) 
β (°) 103.2(1) 
V (106 pm3) 368.5(2) 
Z 1 
Temperature (K) 297(1) 
Rint 0.044 
R1(Fo > 4σ(Fo)) 0.040 
wR2 (all) 0.102 
GooF 1.063 
 
 
Table 3.12.4: Atomic coordinates, equivalent isotropic displacement parameters Ueq (pm2) 
and occupancies for all atoms in the asymmetric unit of AgBi4Se5Br3. Standard deviations 
corresponding to the last digit are indicated in brackets. All atoms are located on the mirror 
plane at y = 1/4 (Wyckoff position 2e). Z = Se/Br = 50%Se + 50%Br 
 
Atom s.o.f x z Ueq 
Bi(1) 1 0.18048(9) 0.93411(8) 350(3) 
Bi(2) 1 0.5318(1) 0.35115(7) 398(4) 
Ag 1/2 0.0513(6) 0.4118(5) 660(2) 
Z(1) 1 0.1913(2) 0.6583(2) 317(5) 
Se(2) 1 0.6889(2) 0.5891(2) 272(5) 
Se(3) 1 0.0491(2) 0.1498(2) 247(5) 
Br(2) 1 0.5939(2) 0.8945(2) 279(5) 
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Structure description and discussion 
 
AgBi4Se5Br3 is isostructural to AgBi2Q3Cl [121] (Fig. 3.12.1) and crystallizes with one 
formula unit in the monoclinic space group type P21/m. The asymmetric unit contains two 
crystallographically independent Bi atoms Bi(1) and Bi(2), one Ag atom, two Se atoms, one 
Br atom and one mixed position Z (Se/Br).  
 
Table 3.12.5: Connectivity of cations and anions in the structure of AgBi4Se5Br3 with their 
coordination number 
 
Atom Z(1) Se(2) Se(3) Br(2) CN 
Bi(1) 1/1 0/0 3/3 3/3 7 
Bi(2) 2/2 3/3 0/0 2/2 7 
Ag 3/3 2/2 1/1 0/2 6 
CN 6 5 4 5  
 
 
 
Fig. 3.12.1. The crystal of AgBi4Se5Br3 with atom labeling view down [010].  
Only 50% of the Ag positions shown are occupied. 
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Both Bi atoms are seven-fold coordinated by Se, Br and Z atoms. Their coordination 
polyhedra differ from the number and the arrangement of Se, Br, and Z atoms involve in the 
coordinations (Table 3.12.6) and also from the connectivity between equivalent polyhedra. 
The Bi(1) atom is surrounded by three Se(3), one Z(1) and three Br(2) atoms to form the 
monocapped trigonal prismatic coordination [BiSe3ZBr3] (Fig. 3.12.2). The Bi(2) atom is also 
located in a monocapped trigonal prismatic environment [BiSe3Z2Br2] of three Se(2), two Z(1) 
and two Br(2) atoms. The Ag atom in the structure exhibits an octahedral coordination of 
three Se and three Z atoms. This coordination polyhedron is distorted towards a trigonal 
bipyramid [AgSe+Z2+Se2+Z] with short bonds trans to long bonds. The Z(1) atom also adopts 
a distorted octahedral coordination of three Bi and three Ag atoms. Se(3) is tetrahedrally 
coordinated by three Bi and one Ag atoms while Se(2) and Br(2) display square pyramidal 
coordinations of three Bi and two Ag atoms (for Se(2)) and of five Bi atoms (for Br(2)). 
 
Table 3.12.6: Selected inter-atomic bond distances (in pm) in AgBi4Se5Br3 (19). Standard 
deviations corresponding to the last digit are indicated in brackets. 
Operators for generating equivalent atoms: (i) –x, –y, 1–z; (ii) –x, 1–y, 1–z; (iii) x, y, 1+z;  
(iv) 1–x, 1–y, 2–z; (v) 1–x, –y, 2–z; (vi) –x, –y, 2–z; (vii) –x, 1–y, 2–z; (viii) x, 1+y, z;  
(ix) x, y–1, z; (x) 1–x, –y, 1–z; (xi) 1–x, 1–y, 1–z. 
 
Bi(1) — Se(3i, 3ii)  279.4(2)  Bi(2) — Se(2) 270.5(3)  
               Se(3iii) 288.0(2)                Se(2x, 2xi) 290.9(8) 
               Br(2iv, 2v) 312.2(3)                Z(1x, 1xi) 306.6(2) 
               Z(1) 314.7(3)               Br(2x, 2xi) 342.9(2)  
               Br(2) 347.3(9)   
    
Ag — Z(1) 276.4(3)    
          Z(1i, 1ii) 283.4(2)   
          Se(2x, 2xi) 294.8(4)   
          Se(3) 296.6(6)   
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The structure can be subdivided into two alternating types of building blocks denoted 
A and C parallel to (001) (Fig. 3.12.1). C is composed of [BiSe3ZBr3] monocapped trigonal 
prisms around Bi(1). These polyhedra joint common edges along [100] and [010] to form a 
corrugated layer parallel to (001). In the layer A [BiSe3Z2Br2] monocapped trigonal prisms 
around Bi(2) share edges along [001] and their triangular faces along [010] to form double-
chains running along [010]. Adjacent double-chains of monocapped trigonal prisms are 
separated along [100] by octahedral voids, which are partially filled by Ag atoms. The two 
types of layers further joint common edges of the monocapped trigonal prisms to form the 
three dimensional structure.  
 
 
Fig. 3.12.2. Environment of anions and cations in AgBi4Se5Br3 (Ellipsoids correspond to 95% 
probability level). For the bond distances see table 3.12.6 
 
Parallel can be established between the structural unit (layer A) and the corresponding 
layer A found in the structures of different members of the homologous double series (N, x)P 
Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) (Q = S, Se; X = Cl, Br); (Z = 2) (3.8).  
The atomic arrangement is the same in both layers except of the density of Ag atoms inside 
the octahedral void. In the structures of different members of the homologous series, the 
position is fully occupied by metal atoms (primarily Ag). In the present case only 50% of the 
position are occupied. The low occupation of this position may be connected with the 
reduction of the size of the octahedral void due to the large radii of Se and Br atoms. The 
occupation factor observed for Ag atom at that position may also be favoured by the easy 
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substitution (due to the similarity of their effective ionic radii for c.n. = 6 [127]) between Se 
(198 pm) and Br (196 pm) atoms.  
Alternatively, the structure of (19) can also be regarded as built up by Bi2S3-like 
ribbons of edge-sharing monocapped trigonal prisms around Bi(1) and Bi(2) (Fig. 3.11.3). 
Similar structural motives are found in the structures of Pr2Br5 [151-153] and Cu3Bi2S4Cl 
[113]. The difference between these structures resides in the connectivity of adjacent Bi2S3-
like ribbons. In the structure of Pr2Br5 neighbouring Bi2S3-like ribbons are linked through the 
caps of the (edge-sharing) monocapped trigonal prisms ((A)). Adjacent infinite Bi2S3-like 
ribbons are separated by “empty” gallery. In the structure of Cu3Bi2S4Cl the Bi2S3-like ribbon 
is broken into double-chains formed by parallel chains of edge-sharing monocapped trigonal 
prisms and face-sharing monocapped trigonal prisms. Neighbouring such double-chains are 
joint by the edges of the trigonal prisms of the (edge sharing) monocapped trigonal prisms 
((B)). The gallery between parallel infinite deformed Bi2S3-like ribbons are filled by copper 
atoms. The structure of AgBi4Se5Br3 contains both systems of the combination of the Bi2S3-
like ribbons ((A) and (B)) in the ratio 1:1. The gallery found in the case of Pr2Br5 and 
Cu3Bi2S4Cl are replaced by eigth-membered tunnels parallel to [010] within which Ag atoms 
reside. The distribution of Ag atoms inside the channels in the structure of (19) causes the Ag 
atoms to adopt an octahedral coordination with unusual type of distortion, namely the 
distortion towards a trigonal bipyramid with short bonds trans to long bonds. In most of 
known Ag containing multinary chalcogenides such as AgBiS2 [106], AgBi3S5 [75], 
Ag3Bi7S12 [82], Ag2Bi2S3Cl2 [120] and various members of the homologous series  
Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) (Q = S, Se; X = Cl, Br) [133, 144, 145], the 
octahedral environment around Ag atom is distorted towards a linear coordination ([2+4] 
geometry) with two short bonds in trans positions and four more elongated bonds in square 
plane. Similar to the structures of AgBi2Q3Cl (Q = S, Se) the Ag atom displays a 
comparatively large temperature factor (about two times that of Bi atoms). The same 
behaviour was also observed for the Ag(1) = {M(2)} atom in the structures of different 
members of the above mentioned homologous double series. This large temperature factor in 
addition to the partial occupation of the Ag position in the structure of AgBi4Se5Br3 indicate 
that the Ag atoms may undergo considerable “rattling” motion about their crystallographic 
sites. This behaviour may lead to Ag+ ionic conductivity, which has not been investigated. 
 
 
 
Results and discussion    
 
209
 
 
Fig. 3.12.3. Parallel representation of the structures of Pr2Br5, AgBi4Se5Br3 and Cu3Bi2S4Cl 
highlighting the principal structural motive (Bi2S3-like ribbon) and the types of connections 
((A) and (B)) between them in different structures. 
 
The Se/Br mixed occupation found at Z(1) position is the logical consequence (for 
electroneutality reason) of the partial occupation of the Ag position inside the channel. The 
Se/Br disorder at this particular site (Z(1)) also derives from its strategic position in the 
structure. In fact the Z(1) position is connected to all metal atoms in the structure and may 
under this condition act as a key point, which assures the electroneutrality of the compound. 
The equivalent position (Z(1)) was found to be the most vulnerable anions position in the 
structures of various members of the homologous series  
Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1). Because of the above mentioned partial 
occupation of Ag position and the Se/Br mixed occupation at Z(1) positions, the final 
composition of the compound AgBi4Se5Br3 significantly deviated from the formula 
“Ag2Bi4Se6Br2” expected from the analogy with the isostructural compounds AgBi2Q3Cl  
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(Q = S, Se) [121]. The compositional relationship between the two formulae can be expressed 
as follow: [AgBi4Se5Br3] = [AgBi2Se3Br]·[ Bi2Se2Br2]. For this reason the observed 
composition AgBi4Se5Br3 can be formulated as a triple-salt AgBr·Bi2Se3·2(BiSeBr). In the 
quaternary phase diagram Ag–Bi–Se–Br, AgBi4Se5Br3 is located in the pseudo-ternary AgBr–
Bi2Se3–BiSeBr region. This composition deviates from the expected AgBr–Bi2Se3 pseudo 
binary cut towards the Ag-poor region of the quaternary system. 
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4  Conclusion and outlook 
 
The investigation of the systems Ag – Bi – S – Cl, Ag – Bi – S – Br and Ag – Bi – Se – Br 
resulted in the discovery of several ternary and quaternary compounds. Their structures were 
determined by X-ray diffraction on single crystals. Most of these compounds are members of 
a homologous series Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) (Q = S, Se; X = Cl, Br); (Z = 
2) in both compositional and structural senses. The general formula was established from the 
variety of compositions observed. The region of existence of these phases in the quaternary 
systems Ag – Bi – Q – X (Q = S, Se, X = Cl, Br) has been determined. The lines that define 
members of the series with constant N (series of isostructural compounds) are very close to 
each other. The interval that separates two adjacent lines decreases drastically with increasing 
N. This suggests that the conditions of stability of different members of the series with 
successive values of N become closer as N increases. This effect makes the phase-pure 
synthesis of a particular member of the series difficult. In the same preparation single crystals 
of various members generally occur. Chemical intergrowth of two different members was also 
observed. In addition to the difficulties connected to the synthesis, different members of the 
series have very similar X-ray powder diffraction diagrams and are therefore not easily 
identified from their powder patterns alone. This similarity also increases with the value of N 
(N ≥ 3).  
This series of compounds was obtained by introducing halogen atoms in the 
framework of the structures of various known and hypothetical pavonite homologues (Ag – Bi 
– S). This operation generates partial substitution of bivalent Q atoms by univalent X atoms. 
The charge deficiency created by this substitution is compensated by substitution between Ag 
and Bi atoms. The syntheses of sulpho-chloride, sulpho-bromide and seleno-bromide 
members of the series indicate that the structure types associated with these classes of 
compounds are flexible enough to preserve the basic framework through the generation of 
isostructrural derivatives obtained by replacing S by Se and/or Cl by Br. Another interesting 
feature of this series of compounds is that numerous members can be synthesized by varying 
the Ag/Bi ratio for a given value of N as long as the formula  
Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) (Q = S, Se; X = Cl, Br) with 1/2 ≤ x ≤ 1 is 
satisfied. Such investigations can be done in order to determine the dependence of the lattice 
parameters on the variation of the composition for a given structure type (constant N). The 
identification of this large flexible family of compounds can be used for the design of new 
   Conclusion and outlook 
 
212
members based on phase homologies. The metal atoms located in the octahedrally coordinated 
M(2) position within layer A generally have large thermal parameters, which indicates a 
possible “rattling” of these atoms within their crystallographic site. 
Different members of the series are narrow band gap semiconductors, most likely due 
to the NaCl-like fragments that make up their structures. The electrical band gap (Eg) 
decreases with an increasing value of N. The observed values are 1.5 eV for AgBi2S2Cl3 (N = 
0, x = 1), 1.2 eV for AgBiSCl2, (N = 1) and 0.35 eV for Ag6.98Bi7.02S10.04Br7.96 (N = 4, x = 
0.70). 
Attempts to synthesize the sulpho-iodide, seleno-chloride and seleno-iodide analogues 
were unsuccessful. In each case, reactions resulted in a mixture of ternary compounds. The 
difficulty encountered in the synthesis of isostructural members of the homologous series in 
these systems may be due to differences in the radii of the ions substituting for each other 
(Table 4.1). According to the analysis carried out by V. M. Goldschmidt [150] the radii of ions 
substituting for each other in an isomorphic series of compounds usually do not differ by 
more than 10% – 15%. Following this theory the difficulty of the synthesis of isostructural 
pavonite homologues should increase according the sequence  
(Q, X) = (Se, Cl) < (Se, I) < (S, I) (Table 4.1). 
 
Table 4.1: Difference between the effective ionic radii of Q and X for c. n. = 6 [127] 
 
 Cl(181 pm) Br(196 pm) I(220 pm) 
S(184 pm) 2 % 6 % 18 % 
Se(198 pm) 9 % 1 % 11 % 
 
 
The occurrence of Ag1.2Bi17.6S23Cl8 and AgBi4Se5Br3 which do not belong to this 
series of compounds shows that the phase homology defined by the formula  
Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) does not incompass all compounds of the systems 
Ag – Bi – Q – X. This observation suggests that these systems may yield a large number of 
quaternary compounds. It was found that the structure of Ag1.2Bi17.6S23Cl8 results from the 
combination of two substructures belonging to the ternary compounds Bi6+δS6+3δCl6–3δ 
(hexagonal, P63/m) which corresponds to the member with N = 0 of the zinckenite 
homologous series (section 3.10) and the quaternary compounds Ag6xBi10–6xS16–12xCl12x–2 
(monoclinic, C2/m) representing the homologue with N = 2 of the homologous series 
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Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) (section 3.3). A small variation in the 
composition (Ag/Bi ratio) can yield new compounds with different structures types. 
In consideration of the results already obtained in the study of the systems  
Ag – Bi – S – Br, Ag – Bi – S – Cl and Ag – Bi – Se – Br, and additionally the above 
mentioned characteristic large thermal parameter commonly associated with the metal atoms 
at the M(2) position in the structures of various members of the homologous series, it is 
noteworthy to investigate isostructural homologues in the copper analogue systems. A first 
investigation of the system Cu – Bi – Se – I yielded the quaternary compounds 
Cu3.1Bi9.4Se15.3I0.7 (N = 3) [115] and Cu4.5Bi10Se16.5I1.5 (N = 4) [115], in which the Cu atoms 
located at the M(2) position prefer tetrahedral sites statistically distributed around the “empty” 
octahedral site. Some Se positions in these compounds are partly substituted by iodine atoms, 
but in contrary to the homologous series described in this document this substitution is not 
isomorphic. The replacement of the Ag atom at the M(2) position by the smaller Cu atom may 
lead to larger thermal vibration of the Cu atom. This behaviour may yield ionic conductivity 
in the isostructural Cu analogue compounds. 
In addition to the investigation of the copper system, some complementary work on 
the synthesis of missing members of the homologous series  
Agx(N+1)Bi2+(1–x)(N+1)Q2+(2–2x)(N+1)X2+(2x–1)(N+1) by varying N and x is necessary. Further 
investigation may allow the determination of the complete existence range of the series. 
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6 Appendix 
 
6.1 Computer Programs Used 
 
[P1]  WinXPow, Powder Diffraction Software for Data Collection and Data Evaluation, 
Stoe & Cie GmbH, Darmstadt, 1999. 
[P2]  EXPOSE, Data Collection Software for the Stoe IPDS, Stoe & Cie GmbH,  
Darmstadt, 2000. 
[P3]  INTEGRATE, Data Processing Software for the Stoe IPDS, Stoe & Cie GmbH, 
Darmstadt, 2000. 
[P4]  FACEIT, Experimental Crystal Description for Numerical Absorption Correction,  
Stoe & Cie GmbH, Darmstadt, 1999. 
[P5]  X-RED32 Version 1.22, Data Reduction for STADI 4 and IPDS, Stoe & Cie GmbH,  
Darmstadt, 2001. 
[P6]  X-SHAPE Version 1.06, Crystal Optimisation for Numerical Absorption Correction, 
Stoe & Cie GmbH, Darmstadt, 1999. 
[P7]  G. M. Sheldrick, SHELX-97, Program for Crystal Structure Determination, 
 Univ., Göttingen, 1997. 
[P8]  T. Balić-Žunić, I. Vicković, IVTON, A Program for the Calculation of Geometrical  
Aspects of Crystal Structures and some Crystal Chemical applications, Geological  
Institute, Univ. of Copenhagen. 
[P9]  Analyse voyager, X-ray Microanalysis and Digital imaging, Noran Instruments 
System for Electron Microscope, Middleton WI. USA.  
[P10]  P. Blaha, K. Schwarz, J. Luitz, WIEN97, A Full Potential Linearized Augumented 
Plane Wave Package for Calculating Crystal Properties, Vienna University of 
Technology, Vienna (Austria), 1999. 
[P11]  O. Jepsen, O. K. Andersen, TB-LMTO-ASA, The Stuttgart TB-LMTO-ASA Program, 
version 4.7, Max-Planck-Institut für Festkörperforschung, Stuttgart, 2000. 
[P12]  K. Brandenburg, DIAMOND, Visualization tool System for Crystal Structures, Crystal 
Impact GbR, Bonn, 1999. 
[P13] ORIGIN, Scientific Graphing and Data Analysis Program, Software, Microcal 
Software, Inc., Northampton, MA, USA, 1998. 
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[P14]  L. Barbour, LAYER, A Program to Display Diffraction data as Precession 
Photographs, Univ. Missouri-Columbia, USA. 
 
 
6.2  Theoretical and experimental powder diagrams of the synthesized 
starting materials 
 
 
 
Fig. A1. Comparison of the experimental powder diagram of BiBr3 (a) with the theoretical 
pattern (b) calculated from the crystal structure (CuKα/ λ = 1.540598 Å) [154]. 
 
 
 
 
Fig. A2. Comparison of the experimental powder diagram of the synthesized Bi2Se3 (a) with 
the theoretical pattern (b) calculated from the crystal structure [155]. 
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Fig. A3. Comparison of the experimental powder diagrams (a) of BiSBr, BiSCl and BiSeCl 
with the theoretical patterns (b) calculated from their crystal structures. 
 
 
 
 
Fig. A4. Comparison of the experimental powder diagram of the synthesized BiSeBr (a) with 
the theoretical (b) powder patterns available in the Stoe WinXpow [P1] data base. 
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6.3  Crystallographic data and details on the structure determination of 
ternary and quaternary compounds in the systems Ag – Bi – Q – X 
(Q = S, Se, X = Cl, Br) 
 
6.3.1 Single crystal structure determination of AgBi2S2Cl3 (1) 
 
Table A1: Measuring protocol 
 
Crystal data 
Formula AgBi2S2Cl3 
Crystal colour black 
Crystal size [mm3] 0.35 × 0.21× 0.03 
Molecular mass[g/mol] 696.3 
Crystal system monoclinic 
Space group C2/m (No. 12) 
Density (ρcal) [g/cm3] 6.12 
Lattice parameters  refined from the total collected single crystal reflections 
a = 1257.3(3) 
b = 400.0(1) 
c = 804.1(2) 
[pm; °] 
β = 111.0(1) 
V [106 pm3]; Z 377.6(1); 2 
Data collection 
Diffractometer Mercury CCD, graphite monochromator 
Radiation  λ(MoKα) = 71.073pm 
Image width [°] 0.6 
Temperature [K] 295(1) 
2θ  range ; index range 5.4° ≤ 2θ ≤ 63°; –17 ≤ h ≤ 14, –5 ≤ k ≤ 3, –11 ≤ l ≤ 11 
Irradiation time [min] 3/4 
Phi mode rotation 
Integration dynamic profile, zero overlapped reflection 
Structure solution and refinement 
Measured reflections 2334 
Unique reflections 598 
Reflec. with Fo > 4σ(Fo) 593 
Rint/ Rσ 0.066/ 0.038 
Corrections background, Lorentz factor, polarization factor 
Absorption correction numerical, crystal description optimized using equivalent reflections 
µ [cm–1] 506 
Structure solution  direct methods [P7] 
Structure refinement 
least-squares method; full matrix; based on F2; 
anisotropic displacement parameters [P7] 
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No. of parameters 31 
Extinction correction x = 224.4(7)·10–5 
Difference electron density +2.51 to –2.94 e/106pm3 
R1(Fo > 4σ(Fo)) 0.035 
R1(all)  0.036 
wR2(all) 0.093 
GooF 1.050 
 
 
Table A2: Anisotropic displacement parameters (pm2) in AgBi2S2Cl3  
 
Atom U11 U22 U33 U12 U13 U23 
Bi(a) 202(3) 135(3) 284(5) 0 145(3) 0 
Bi(b) 202(3) 135(3) 284(5) 0 145(3) 0 
Ag 196(6) 231(7) 400(8) 0 41(5) 0 
Cl(1) 190(10) 170(3) 300(3) 0 80(10) 0 
Cl(2) 190(10) 170(10) 190(10) 0 81(8) 0 
S 150(9) 100(10) 162(9) 0 78(8) 0 
 
Table A3: Selected bond angles (°) in AgBi2S2Cl3  
 
Sii — Bi(a) — Siii 96.96(7) Cl(2)i — Bi(b) — Sii 83.61(6) 
Sii — Bi(a) — S 80.39(6) Sii — Bi(b) — Siii 93.59(7) 
Sii — Bi(a) — Cl(2)i 77.29(6) Cl(2)i — Bi(b) — Cl(2)ii 75.55(6) 
S — Bi(a) — Cl(2)i 146.03(7) Sii — Bi(b) — Cl(2)ii 86.56(6) 
Sii — Bi(a) — Cl(1)iv 152.79(5) Siii — Bi(b) — Cl(2)ii 159.02(9) 
Siii — Bi(a) — Cl(1)iv 85.73(5) Cl(2)ii — Bi(b) — Cl(2)iii 85.95(6) 
S — Bi(a) — Cl(1)iv 73.35(5) Cl(2)i — Bi(b) — S 142.80(8) 
Cl(2)i — Bi(a) — Cl(1)iv 129.35(5) Sii — Bi(b) — S 71.35(5) 
Cl(1)iv — Bi(a) — Cl(1)v 80.14(2) Cl(2)ii — Bi(b) — S 127.92(7) 
Sii — Bi(a) — Cl(2)ii 82.15(6) Cl(2)i — Bi(b) — Cl(1)iv 138.33(8) 
Siii — Bi(a) — Cl(2)ii 142.46(6) Sii — Bi(b) — Cl(1)iv 135.44(8) 
S — Bi(a) — Cl(2)ii 135.48(6) Siii — Bi(b) — Cl(1)iv 80.49(6) 
Cl(2)i — Bi(a) — Cl(2)ii 65.84(6) Cl(2)ii — Bi(b) — Cl(1)iv 113.76(73) 
Cl(1)iv — Bi(a) — Cl(2)ii 111.87(4) Cl(2)iii — Bi(b) — Cl(1)iv 65.29(5) 
Cl(1)v — Bi(a) — Cl(2)ii 64.75(4) S — Bi(b) — Cl(1)iv 64.88(4) 
Cl(2)ii — Bi(a) — Cl(2)iii 76.73(5) Cl(1)iv — Bi(b) — Cl(1)v 74.03(5) 
    
Svi — Ag — Si 179.99(6)   
Si — Ag — Cl(2)ii 81.10(6)   
Si — Ag — Cl(2)vii 98.90(6)   
Cl(2)ii — Ag — Cl(2)vii 179.99(6)   
Si — Ag — Cl(2)iii 81.10(6)   
Cl(2)ii — Ag — Cl(2)iii 93.47(6)   
Cl(2)ii — Ag — Cl(2)viii 86.53(6)   
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6.3.2  Single crystal structure determination of AgBiSCl2 (2) 
 
Table A4: Measuring protocol  
 
Crystal data 
Formula AgBiSCl2 
Crystal colour black 
Crystal size [mm3] 0.28 × 0.15 × 0.04 
Molecular mass [g/mol] 419.8 
Crystal system orthorhombic 
Space group Cmcm (No. 63) 
Density (ρcal) [g/cm3] 5.80 
Lattice parameters  refined from the total collected single crystal reflections 
a = 397.1(1) 
b = 1371.2(3) 
[pm; °] 
c = 882.4(2) 
V [106 pm3]; Z 480.2(2); 4 
Data collection 
Diffractometer IPDS-I (Stoe); graphite monochromator 
Radiation  λ(MoKα) = 71.073pm 
Φ range; ∆Φ [°] 0 to 200; 0.8 
Temperature [K] 297(1) 
2θmax; index range 55.7°; –4 ≤ h ≤ 4, –17 ≤ k ≤ 17, –11 ≤ l ≤ 11 
Irradiation time [min] 4 
Phi mode oscillation 
Detector distance [mm] 60 
Mosaic spray 0.013 
Integration dynamic profile, zero overlapped reflection 
Orientation control 200 reflections with Fo > 4σ(Fo) 
Structure solution and refinement 
Measured reflections 2277 
Unique reflections 324 
Reflec. with Fo > 4σ(Fo) 308 
Rint/ Rσ 0.049/ 0.020 
Corrections background, Lorentz factor, polarization factor 
Absorption correction numerical, crystal description optimized using equivalent reflections 
µ [cm–1] 420 
Transmission factors 0.03 to 0.24 
Structure solution  direct methods [P7] 
Structure refinement 
least-squares method; full matrix; based on F2; 
anisotropic displacement parameters [P7] 
No. of parameters 20 
Extinction correction x = 218.9(2)·10–5 
Difference electron density +0.60 to –0.52 e/106pm3 
R1(Fo > 4σ(Fo)) 0.015 
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R1(all)  0.018 
wR2(all) 0.025 
GooF 1.079 
 
 
Table A5: Anisotropic thermal parameters (pm2) in AgBiSCl2 
 
Atom U11 U22 U33 U23 U13 U12 
Bi 139(2) 165(2) 224(2) 0 0 0 
Ag 588(7) 450(5) 306(5) –257(4) 0 0 
Cl 167(9) 220(6) 125(6) –2(5) 0 0 
S 101(10) 139(7) 106(9) 0 0 0 
 
 
Table A6: Selected bond angles (°) in AgBiSCl2 
 
Si — Bi — Sii 97.26(3) Siv — Ag — S 180.00(3) 
Si — Bi — Cliii 80.42(3) Siv — Ag — Cli 80.84(3) 
Si — Bi — Clii 148.57(3) S — Ag — Cli 99.16(3) 
Cliii — Bi — Clv 69.07(3) Cli — Ag — Clvii 179.99(3) 
Cliv — Bi — Clv 130.60(3) Cli — Ag — Clii 83.84(3) 
Clii — Bi — Clvi 108.70(3)   
Clv — Bi — Clvi 77.18(3)   
Si — Bi — Cli 85.24(3)   
 
 
6.3.3  Single crystal structure determination of Ag4xBi8-4xS12-8xBr8x (x = 0.50; 0.64 and 
0.73) 
 
Table A7: Measuring protocol  
 
Crystal data 
Formula Ag2Bi6S8Br4 Ag2.54Bi5.46S6.92Br5.08 Ag2.91Bi5.09S6.18Br5.82 
Crystal colour black 
Crystal size [mm3] 0.08 × 0.05 × 0.03 0.16 × 0.07 × 0.02  0.08 × 0.03 × 0.02.  
Molecular mass [g/mol] 2045.7 2042.8 2040.8 
Crystal system monoclinic 
Space group C2/m (No. 12) 
Density (ρcal) [g/cm3] 6.43 6.42 6.38 
Lattice parameters  refined from the total collected single crystal reflections 
a = 1331.3(5) 1328.9(4) 1332.4(3) [pm; °] 
b = 408.0(2) 408.5(1) 409.3(1) 
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c = 972.1(3) 973.4(4) 974.3(2)  
β = 90.8(1) 90.9(1) 90.4(1) 
V [106 pm3]; Z 528.0 (2); 1 528.4(2); 1 531.3(2); 1 
Data collection 
Diffractometer IPDS-I (Stoe); graphite monochromator 
Radiation  λ(MoKα) = 71.073pm λ(AgKα) = 56.087 pm λ(MoKα) = 71.073pm 
Φ range; ∆Φ [°] 200; 1.5 200; 0.8 270; 1.0 
Temperature [K] 297(1)  293(1) 297(1)  
2θmax; index range 
56°; –17 ≤ h ≤ 16,  
–4 ≤ k ≤ 5, –12 ≤ l ≤ 12 
51.6°; –20 ≤ h ≤ 20,  
–5 ≤ k ≤ 6, –14 ≤ l ≤ 15 
57.6°; –17 ≤ h ≤ 18,  
–5 ≤ k ≤ 5, –13 ≤ l ≤ 13 
Irradiation time [min] 10 8 17 
Phi mode oscillation oscillation oscillation 
Detector distance [mm] 60 70 56 
Mosaic spray 0.018 
Integration dynamic profile, zero overlapped reflection 
Orientation control 200 reflections with Fo > 4σ(Fo) 
Structure solution and refinement 
Measured reflections 1418 3612 2465 
Unique reflections 600 1118 743 
Reflections with Fo > 
4σ(Fo) 
462 885 500 
Rint/ Rσ 0.070/ 0.049 0.029/ 0.027 0.066/ 0.061 
Corrections background, Lorentz factor, polarization factor 
Absorption correction numerical, crystal description optimized using equivalent reflections  
µ [cm–1] 600 315 561 
Structure solution  direct methods [P7] 
Structure refinement 
least-squares method; full matrix; based on F2; 
anisotropic displacement parameters [P7] 
No. of parameters 36 37 35 
Extinction correction x = 234.8(2)·10–5 x = 660.0(2)·10–5 x = 60.4(2)·10–5 
Difference electron density +1.75 to –1.65 e/106pm3 +3.3 to –2.4 e/106pm3 +1.9 to –1.7 e/106pm3 
R1(Fo > 4σ(Fo)) 0.046 0.027 0.040 
R1(all)  0.070 0.042 0.081 
wR2(all) 0.109 0.042 0.073 
GooF 1.039 1.032 1.075 
 
 
Table A8: Anisotropic thermal parameter (pm2) in Ag2Bi6S8Br4, Ag2.54Bi5.46S6.92Br5.08 and 
Ag2.91Bi5.09S6.18Br5.82 
 
Atom U11 U22 U33 U12 U13 U23 
352(5) 402(6) 384(5) 0 158(3) 0 
345(2) 370(2) 292(2) 0 137(1) 0 
Bi(1) 
431(4) 389(5) 338(4) 0 154(3) 0 
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460(10) 470(10) 710(10) 0 208(9) 0 
343(4) 384(6) 522(6) 0 155(4) 0 
M(2) 
510(10) 670(3) 870(3) 0 400(10) 0 
397(8) 336(9) 590(10) 0 158(6) 0 
341(3) 280(4) 470(4) 0 140(3) 0 
M(3) 
468(8) 303(9) 660(10) 0 264(7) 0 
309(9) 280(10) 390(10) 0 128(7) 0 
296(3) 244(4) 319(4) 0 96(3) 0 
Br(1) 
360(8) 250(10) 370(10) 0 125(7) 0 
170(20) 240(20) 230(20) 0 0(10) 0 
164(6) 173(9) 154(7) 0 0(5) 0 
S(1) 
220(3) 180(3) 230(3) 0 30(10) 0 
120(20) 120(20) 280(20) 0 –10(10) 0 
288(6) 232(8) 367(9) 0 –41(5) 0 
Z(2) 
390(10) 230(3) 400(10) 0 –50(10) 0 
 
 
Table A9: Selected bond angles (°) in Ag2Bi6S8Br4, Ag2.54Bi5.46S6.92Br5.08 and 
Ag2.91Bi5.09S6.18Br5.82 
 
 x = 0.50 x = 0.64 x = 0.73 
S(1)i — Bi(1) — Z(2)ii 84.09(6) 83.96(4) 82.09(10) 
Z(2)ii — Bi(1) — S(1)iii 164.70(2) 164.52(4) 164.69(8) 
Z(2)ii — Bi(1) — S(1)ii 87.70(3) 87.40(4) 87.68(8) 
S(1)i — Bi(1) — Br(1)ii 142.70(3) 142.76(3) 143.61(8) 
Z(2)ii — Bi(1) — Br(1)ii 78.57(2) 78.51(3) 78.28(5) 
Z(2)iii — Bi(1) — Br(1)ii 128.94(2) 128.99(3) 127.39(5) 
S(1)iii — Bi(1) — Br(1)ii 113.20(2) 113.43(3) 115.20(7) 
S(1)ii — Bi(1) — Br(1)ii 65.98(2) 66.10(3) 66.55(7) 
    
Z(2)i — M(2) — S(1)ii 82.67(5) 82.60(4) 83.17(8) 
Z(2) — M(2) — S(1)ii 97.33(5) 97.40(4) 96.83(8) 
S(1)iv — M(2) — S(1)ii 179.98(9) 179.99(4) 179.99(9) 
S(1)iv — M(2) — S(1)iii 89.85(1) 89.73(4) 89.93(9) 
S(1)v — M(2) — S(1)iii 179.98(9) 179.99(4) 179.99(9) 
S(1)ii — M(2) — S(1)iii 90.15(2) 90.27(4) 90.07(9) 
    
Z(2) — M(3) — Z(2)vi 180.00(2) 179.99(4) 179.99(6) 
Z(2) — M(3) — Br(1)vii 88.92(4) 89.08(3) 89.10(5) 
Z(2) — M(3) — Br(1)ii 91.08(4) 90.92(3) 90.90(5) 
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Br(1)vii — M(3) — Br(1)ii 180.00(2) 180.00(2) 180.00(4) 
Br(1)vii — M(3) — Br(1)iii 89.94(1) 89.97(2) 89.59(4) 
Br(1)ii — M(3) — Br(1)iii 90.06(2) 90.03(2) 90.41(4) 
 
 
6.3.4  Single crystal structure determination of Ag6xBi10–6xS16–12xCl12x–2 (x = 0.53 and 
0.67) 
 
Table A10: Measuring protocol 
 
Crystal data 
Formula Ag3.17Bi6.83S9.66Cl4.34 Ag4Bi6S8Cl6 
Crystal colour black 
Crystal size [mm3] 0.24× 0.07 × 0.04 0.20 × 0.06 × 0.04 
Molecular mass [g/mol] 2232.8 2154.5 
Crystal system monoclinic 
Space group C2/m (No. 12) 
Density (ρcal) [g/cm3] 6.18  6.02 
Lattice parameters  refined from the total collected single crystal reflections 
a = 1326.7(3)  1325.4(3)  
b = 403.9(1)  403.3(1)  
c = 1176.7(2) 1170.6(2) 
[pm; °] 
β = 107.8(1) 108.1(1) 
V [106 pm3]; Z 600.3(2); 1 594.6(2); 1 
Data collection 
Diffractometer IPDS-I (Stoe);  
graphite monochromator 
CCD (Mercury),  
graphite monochromator 
Radiation  λ(MoKα) = 71.073pm 
Φ range; ∆Φ [°] 0 to 270; 1  270; 0.6 
Temperature [K] 297(1) 295(1) 
2θ  range ; index range 
6.2° ≤ 2θ ≤ 51.8°; –16 ≤ h ≤ 16, 
 –4 ≤ k ≤ 4, –14≤ l ≤ 14 
3.7° ≤ 2θ ≤ 63.6°; –17 ≤ h ≤ 18, 
–4 ≤ k ≤ 5, –16≤ l ≤ 14 
Irradiation time [min] 11 5/6 
Phi mode oscillation rotation 
Detector distance [mm] 70 – 
Mosaic spray 0.014 
Integration dynamic profile, zero overlapped reflection 
Orientation control 200 reflections with Fo > 4σ(Fo) 
Structure solution and refinement 
Measured reflections 1953 3715 
Unique reflections 618 1002 
Reflec. with Fo > 4σ(Fo) 566 928 
Rint/ Rσ 0.025/ 0.016 0.054/ 0.034 
Corrections background, Lorentz factor, polarization factor 
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Absorption correction numerical, crystal description optimized using equivalent reflections 
µ [cm–1] 537 488 
Transmission factors 0.039 to 0.224 – 
Structure solution  direct methods [P7] 
Structure refinement 
least-squares method; full matrix; based on F2; 
anisotropic displacement parameters [P7] 
No. of parameters 47 47 
Extinction correction x = 108.9(2)·10–5 x = 133.8(2)·10–5 
Difference electron density +1.30 to –1.43 e/106pm3 +2.86 to –3.31 e/106pm3 
R1(Fo > 4σ(Fo)) 0.031 0.048 
R1(all)  0.035 0.052 
wR2(all) 0.073 0.124 
GooF 1.063 1.097 
 
 
Table A11: Anisotropic displacement parameters (pm2) in Ag3.17Bi6.83S9.66Cl4.34 and 
Ag4Bi6S8Cl6 
 
Atom U11 U22 U33 U12 U13 U23 
496(5) 351(4) 383(5) 0 256(4) 0 Bi(1A/ 1B) 
496(4) 342(4) 338(4) 0 249(3) 0 
500(10) 400(10) 630(10) 0 336(8) 0 M(2) 
461(9) 373(9) 570(10) 0 305(7) 0 
412(5) 346(5) 484(6) 0 173(4) 0 M(3) 
383(5) 371(5) 395(5) 0 123(3) 0 
510(3) 370(3) 410(3) 0 180(3) 0 Cl(1) 
470(3) 350(3) 330(3) 0 170(10) 0 
260(3) 210(3) 270(3) 0 80(10) 0 S(1) 
230(10) 220(10) 190(10) 0 57(9) 0 
270(3) 250(3) 430(3) 0 60(10) 0 Z(2) 
250(10) 220(10) 360(3) 0 50(10) 0 
500(2) 360(5) 330(1) 0 190(8) 0 Z(3) 
430(1) 370(4) 440(1) 0 190(6) 0 
 
 
 
 
 
 
 
 
 
   Appendix 
 
232
 
Table A12: Selected bond angles (°) in Ag3.17Bi6.83S9.66Cl4.34 and Ag4Bi6S8Cl6 
 
 (6) x = 0.53 (7) x = 0.67 
S(1) — Bi(1A) — Z(2)i 83.32(9) 83.16(8) 
S(1) — Bi(1A) — Cl(1)v 141.17(9) 141.02(8) 
Z(2)i — Bi(1A) — Cl(1)v 79.04(9) 78.95(8) 
S(1) — Bi(1A) — Z(3)vii 138.26(2) 138.19(2) 
Z(2)i — Bi(1A) — Z(3)vii 68.6(2) 68.58(2) 
Cl(1)v — Bi(1A) — Z(3)vii 64.04(2) 63.99(2) 
   
Z(2)i — Bi(1B) — Z(3)vii 83.32(4) 84.93(3) 
Z(3)vii — Bi(1B) — Cl(1)v 76.99(4) 78.21(3) 
Z(2)i — Bi(1B) — S(1) 74.31(3) 73.47(2) 
Z(3)vii — Bi(1B) — S(1) 144.94(5) 145.97(4) 
Cl(1)v — Bi(1B) — S(1) 127.10(4) 125.30(2) 
   
Z(2)ix — M(2) — Z(2) 180.0(1) 180.00(8) 
Z(2) — M(2) — S(1)x 81.82(9) 81.78(8) 
Z(2) — M(2) — S(1)iii 98.18(9) 98.22(8) 
S(1)iv — M(2) — S(1)iii 89.91(7) 89.96(7) 
S(1)iv — M(2) — S(1)xi 90.09(7) 90.04(7) 
   
Z(2) — M(3) — Cl(1) 179.64(10) 179.96(9) 
Z(2) — M(3) — Z(3)i 95.31(3) 91.25(4) 
Cl(1) — M(3) — Z(3)i 84.44(3) 88.46(9) 
Cl(1) — M(3) — Z(3)xii 95.69(3) 95.26(3) 
Cl(1)v — M(3) — Z(3)xii 175.64(3) 176.28(3) 
Cl(1)vi — M(3) — Z(3)xii 89.54(3) 91.42(4) 
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6.3.5  Single crystal structure determination of Ag8xBi12–8xQ20–16xBr16x–4 (x = 0.70; 0.72, 
0.84 and 0.715) 
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Table A14: Anisotropic displacement parameters (pm2) in Ag5.58Bi6.42S8.85Br7.15 (8), 
Ag5.78Bi6.22S8.44Br7.56 (9), Ag6.72Bi5.28S6.56Br9.44 (10) and Ag5.72Bi6.28Se8.56Br7.44 (11) 
 
Atom U11 U22 U33 U12 U13 U23 
213(2) 354(3) 284(2) 0 –14(1) 0 
235(5) 341(5) 290(5) 0 11(3) 0 
349(4) 406(5) 397(5) 0 53(3) 0 
Bi(1) 
333(4) 363(5) 415(4) 0 –13(3) 0 
       
254(6) 505(9) 648(9) 0 29(5) 0 
220(2) 420(2) 580(2) 0 40(2) 0 
350(2) 690(2) 880(2) 0 60(2) 0 
M(2) 
289(8) 400(2) 650(2) 0 81(8) 0 
       
337(3) 386(4) 391(3) 0 101(2) 0 
369(7) 354(6) 380(7) 0 128(5) 0 
488(7) 415(8) 622(9) 0 160(6) 0 
M(3) 
421(5) 353(6) 376(5) 0 142(4) 0 
       
469(8) 560(2) 491(9) 0 233(7) 0 
460(3) 480(3) 480(3) 0 260(2) 0 
550(2) 590(2) 520(2) 0 270(2) 0 
M(4) 
400(2) 400(2) 400(2) 0 220(7) 0 
       
317(5) 328(6) 379(6) 0 49(4) 0 
380(2) 330(2) 370(2) 0 80(2) 0 
400(9) 350(2) 410(2) 0 124(8) 0 
Br(1) 
319(7) 300(2) 367(8) 0 68(6) 0 
       
147(8) 200(2) 178(9) 0 37(7) 0 
180(3) 170(3) 230(3) 0 110(3) 0 
210(2) 230(2) 270(2) 0 80(2) 0 
Q(1) 
208(6) 189(8) 255(7) 0 83(5) 0 
       
300(2) 270(2) 370(2) 0 135(8) 0 
300(3) 220(3) 440(3) 0 160(3) 0 
410(2) 300(2) 500(2) 0 210(2) 0 
Z(2) 
389(8) 255(9) 458(9) 0 262(7) 0 
       
306(8) 327(9) 411(9) 0 114(6) 0 
350(3) 310(3) 410(3) 0 120(2) 0 
420(2) 370(2) 570(2) 0 180(2) 0 
Z(3) 
290(7) 270(2) 377(8) 0 125(6) 0 
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Table A15: Selected bond angles (°) in Ag5.58Bi6.42S8.85Br7.15 (8), Ag5.78Bi6.22S8.44Br7.56 (9), 
Ag6.72Bi5.28S6.56Br9.44 (10) and Ag5.72Bi6.28Se8.56Br7.44 (11) 
 
 (8) x = 0.70 (9) x = 0.72 (10) x = 0.84 (11) x = 0.715 
Q(1)i — Bi(1) — Z(2)ii 83.45(6) 83.17(2) 82.81(5) 83.27(4) 
Z(2)ii — Bi(1) — Q(1)ii 87.44(6) 87.55(2) 87.98(3) 88.88(4) 
Z(2)iii — Bi(1) — Q(1)ii 165.03(6) 164.86(2) 165.11(2) 165.97(4) 
Z(2)ii — Bi(1) — Br(1)iii 129.55(4) 129.78(8) 128.22(2) 128.33(4) 
Q(1)ii — Bi(1) — Br(1)iii 113.41(4) 113.11(1) 114.51(2) 113.31(4) 
Q(1)i — Bi(1) — Br(1)ii 142.23(5) 142.33(2) 142.87(4) 142.62(4) 
Z(2)ii — Bi(1) — Br(1)ii 78.59(4) 78.86(8) 78.43(2) 77.90(4) 
     
Z(2) — M(2) — Z(2)i 179.99(6) 180.00(2) 179.99(7) 179.99(5) 
Z(2) — M(2) — Q(1)vi 82.13(6) 81.70(2) 82.50(6) 84.31(4) 
Z(2) — M(2) — Q(1)ii 97.87(6) 98.30(2) 97.50(6) 95.69(4) 
Q(1)vi — M(2) — Q(1)ii 180.00(5) 179.99(2) 180.00(2) 180.00(3) 
Q(1)vi — M(2) — Q(1)vii 89.42(5) 89.43(2) 89.39(2) 90.56(3) 
Q(1)ii — M(2) — Q(1)vii 90.58(5) 90.57(2) 90.61(2) 89.44(3) 
     
Z(2) — M(3) — Z(3)viii 91.55(5) 91.48(9) 91.34(5) 88.88(5) 
Z(2) — M(3) — Br(1)ii 91.97(5) 92.24(9) 92.49(4) 90.74(4) 
Z(3)viii — M(3) — Br(1)ii 175.95(4) 175.90(8) 176.06(2) 179.45(5) 
Z(3)viii — M(3) — Br(1)iii 90.41(4) 90.58(7) 91.06(2) 89.81(4) 
Z(2) — M(3) — Z(3)x 178.85(6) 178.86(10) 179.74(2) 178.94(5) 
Br(1)ii — M(3) — Z(3)x 87.20(4) 86.93(7) 88.47(5) 88.83(4) 
     
Br(1)x — M(4) — Z(3)xiii 86.75(4) 87.14(7) 87.94(5) 87.94(4) 
Br(1)x — M(4) — Z(3)ii 93.25(4) 92.86(7) 92.06(5) 92.06(4) 
Z(3)xiii — M(4) — Z(3)ii 180.00(4) 180.00(6) 180.00(5) 180.00(4) 
Z(3)xiii — M(4) — Z(3)xiv 89.06(4) 90.86(6) 91.10(2) 89.35(4) 
Z(3)ii — M(4) — Z(3)xiv 90.94(4) 89.14(6) 88.90(2) 90.65(4) 
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6.3.6  Single crystal structure determination of Ag10xBi14–10xQ24–20xX20x–6  
 
Table A16: Measuring protocol  
 
Crystal data 
Formula Ag6Bi8S12Cl6 Ag6.98Bi7.02S10.04Br7.96 Ag6.80Bi7.20Se10.40Br7.60 
Crystal colour black 
Crystal size [mm3] 0.09 × 0.04 × 0.03 0.23 × 0.14 × 0.08 0.20× 0.20 × 0.10 
Molecular mass [g/mol] 2916.5 3177.9 3666.7 
Crystal system monoclinic 
Space group C2/m (No. 12) 
Density (ρcal) [g/cm3] 6.22 6.51 7.01 
Lattice parameters  refined from the complete set of single crystal reflections 
a = 1329.8(3)  1340.7(1) 1372.8(2)  
b = 403.3(1)  407.6(1) 417.6(1)  
c = 1471.8(3) 1501.3(1) 1535.6(3) 
[pm; °] 
β = 99.2(1) 98.7(1) 99.3(1) 
V [106 pm3]; Z 779.2(1); 1 811.1(1); 1 868.8(3); 1 
Data collection 
Diffractometer IPDS-I (Stoe); graphite monochromator CCD (Mercury), graphite 
monochromator 
Radiation  λ(MoKα) = 71.073pm 
Φ range; ∆Φ [°] 0 to 270; 1.5 0 to 270, 0.6 
Temperature [K] 297(1) 
2θ  range ; index range 
5.6° ≤ 2θ ≤ 52°; 
–16 ≤ h ≤ 16, –4 ≤ k ≤ 4, 
–17≤ l ≤ 18 
5.4° ≤ 2θ ≤ 54°; 
–16 ≤ h ≤ 16, –5 ≤ k ≤ 5, 
–19 ≤ l ≤ 19 
5.4° ≤ 2θ ≤ 64°; 
–19 ≤ h ≤ 19, –6 ≤ k ≤ 6, 
–22≤ l ≤ 15 
Irradiation time [min] 9 7.4 1 
Phi mode oscillation – 
Detector distance [mm] 70 65 – 
Mosaic spray 0.024 0.018 – 
Integration dynamic profile, zero overlapped reflection – 
Orientation control 200 reflections with Fo > 4σ(Fo) – 
Structure solution and refinement 
Measured reflections 2667 3292 3401 
Unique reflections 815 908 1470 
Reflec. with Fo > 4σ(Fo) 652 793 1220 
Rint/ Rσ 0.048/ 0.038 0.049/ 0.028 0.040/ 0.046 
Corrections background, Lorentz factor, polarization factor 
Absorption correction numerical, crystal description optimized using equivalent reflections 
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µ [cm–1] 500 525 597 
Transmission factors 0.115 to 0.268 0.007 to 0.055 – 
Structure solution  Direct method [P7] 
Structure refinement 
least-squares method; full matrix; based on F2;  
anisotropic displacement parameters [P7] 
No. of parameters 54 57 57 
Extinction correction x = 242.1(2)·10–5 x = 140.6(2)·10–5 x = 23.1(1)·10–5 
Difference. electron. 
density 
+1.48 to –2.17 e/106pm3 +1.56 to –2.08 e/106pm3 +3.01 to –2.15 e/106pm3 
R1(Fo > 4σ(Fo)) 0.037 0.043 0.044 
R1(all)  0.054 0.051 0.059 
wR2(all) 0.092 0.106 0.093 
GooF 1.039 1.061 1.083 
 
 
Table A17: Anisotropic displacement parameters (pm2) in Ag6Bi8S12Cl6 (12), 
Ag6.98Bi7.02S10.04Br7.96 (13) and Ag6.80Bi7.20Se10.40Br7.60 (14) 
 
Atom U11 U22 U33 U12 U13 U23 
338(5) 329(5) 280(4) 0 –65(3) 0 
324(4) 360(5) 312(4) 0 –75(2) 0 
417(3) 385(3) 389(3) 0 –95(2) 0 
Bi(1) 
      
220(10) 310(10) 450(10) 0 –72(8) 0 
262(9) 400(10) 570(10) 0 –98(8) 0 
313(8) 358(8) 550(10) 0 –4(6) 0 
M(2) 
      
390(7) 324(7) 262(6) 0 45(4) 0 
427(6) 355(7) 406(6) 0 54(4) 0 
498(6) 403(5) 339(5) 0 100(4) 0 
M(3) 
      
313(7) 287(7) 316(7) 0 27(4) 0 
380(7) 400(8) 472(7) 0 69(5) 0 
358(4) 354(4) 345(4) 0 91(3) 0 
M(4) 
      
360(3) 370(4) 290(3) 0 –40(3) 0 
450(10) 390(10) 381(9) 0 –35(8) 0 
355(7) 328(7) 320(7) 0 –11(5) 0 
X(1) 
      
230(3) 180(3) 180(3) 0 –10(10) 0 
190(3) 200(3) 210(10) 0 10(10) 0 
203(5) 200(5) 230(6) 0 58(4) 0 
Q(1) 
      
290(3) 240(4) 350(4) 0 100(3) 0 Z(2) 
340(3) 290(3) 420(3) 0 100(10) 0 
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292(6) 248(6) 434(8) 0 158(5) 0  
      
320(4) 330(4) 560(5) 0 –20(3) 0 
360(3) 340(3) 570(3) 0 30(10) 0 
285(6) 269(6) 437(8) 0 15(6) 0 
Z(3) 
      
430(5) 400(6) 380(5) 0 50(4) 0 
420(30) 400(30) 400(3) 0 0(3) 0 
Z(4) 
293(8) 270(9) 340(10) 0 36(7) 0 
 
 
Table A18: Selected bond angles (°) in Ag6Bi8S12Cl6 (12), Ag6.98Bi7.02S10.04Br7.96 (13) and 
Ag6.80Bi7.20Se10.40Br7.60 (14) 
 
 (12) x = 0.60 (13) x = 0.70 (14) x = 0.68 
Q(1)i — Bi(1) — Z(2)ii 82.63(2) 83.97(8) 84.13(3) 
Z(2)ii — Bi(1) — Q(1)iii 163.37(10) 165.21(8) 166.11(3) 
Z(2)ii — Bi(1) — Q(1)ii 87.11(10) 87.91(8) 89.10(3) 
Z(2)ii — Bi(1) — X(1)iii 131.5(1) 129.03(6) 129.42(3) 
Q(1)i — Bi(1) — X(1)ii 141.37(10) 142.19(7) 141.72(3) 
Z(2)ii — Bi(1) — X(1)ii 78.73(10) 78.17(6) 78.23(3) 
Q(1)iii — Bi(1) — X(1)ii 113.51(10) 113.55(6) 112.11(3) 
    
Z(2)i — M(2) — Z(2) 180.00(2) 180.00(7) 180.00(3) 
Z(2) — M(2) — Q(1)ii 98.72(10) 97.80(8) 95.93(3) 
Z(2) — M(2) — Q(1)iv 81.28(10) 82.20(8) 84.07(3) 
Q(1)ii — M(2) — Q(1)iv 179.99(10) 179.99(8) 180.00(3) 
Q(1)iv — M(2) — Q(1)iii 90.29(10) 90.49(8) 89.36(3) 
    
Z(2) — M(3) — Z(3)vi 90.95(2) 93.32(7) 89.05(3) 
Z(2) — M(3) — X(1)ii 93.80(2) 92.49(7) 92.24(4) 
Z(3)vi — M(3) — X(1)ii 175.20(2) 173.87(7) 178.17(4) 
Z(3)vii — M(3) — X(1)ii 89.16(2) 89.78(6) 90.63(4) 
Z(2) — M(3) — Z(4) 178.53(8) 178.86(6) 177.55(4) 
Z(3)vi — M(3) — Z(4) 88.02(10) 87.47(5) 88.50(3) 
X(1)ii — M(3) — Z(4) 87.24(8) 86.69(4) 90.21(4) 
    
X(1) — M(4) — Z(3)viii 178.38(2) 179.53(7) 178.77(4) 
X(1) — M(4) — Z(4)vi 90.07(9) 90.78(4) 89.90(4) 
Z(3)viii — M(4) — Z(4)vi 88.78(10) 89.55(5) 90.97(4) 
Z(4)vi — M(4) — Z(3)vii 179.38(10) 178.98(6) 179.71(3) 
Z(4)vii — M(4) — Z(3)vii 90.57(9) 90.45(5) 90.24(3) 
X(1) — M(4) — Z(3)vi 90.52(2) 88.60(6) 89.83(3) 
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6.3.7  Single crystal structure determination of Ag7.30Bi8.70S13.40Br6.60  
 
Table A19: Measuring protocol 
 
Crystal data 
Formula Ag7.30Bi8.70S13.40Br6.60 
Crystal colour black 
Crystal size [mm3] 0.47 × 0.08 × 0.04 
Molecular mass [g/mol] 3562.6 
Crystal system monoclinic 
Space group C2/m (No. 12) 
Density (ρcal) [g/cm3] 6.59 
Lattice parameters  refined from the total collected single crystal reflections 
a = 1340.3(3) 
b = 407.0(1) 
c = 1653.1(3) 
[pm; °] 
β = 95.1(1) 
V [106 pm3]; Z 898.2(1); 1 
Data collection 
Diffractometer IPDS-I (Stoe); graphite monochromator 
Radiation  λ(MoKα) = 71.073 pm 
Φ range; ∆Φ [°] 0 to 270; 1  
Temperature [K] 297(1) 
2θ  range ; index range 
5° ≤ 2θ ≤ 56°; –17 ≤ h ≤ 17,  
–5 ≤ k ≤ 5, –21 ≤ l ≤ 21 
Irradiation time [min] 7 
Phi mode oscillation 
Detector distance [mm] 60 
Mosaic spray 0.010 
Integration dynamic profile, zero overlapped reflection 
Orientation control 200 reflections with Fo > 4σ(Fo) 
Structure solution and refinement 
Measured reflections 3507 
Unique reflections 1066 
Reflec. with Fo > 4σ(Fo) 864 
Rint/ Rσ 0.054/ 0.035 
Corrections background, Lorentz factor, polarization factor 
Absorption correction numerical, crystal description optimized using equivalent reflections 
µ [cm–1] 544 
Transmission factors 0.0185 to 0.1428 
Structure solution  direct methods [P7] 
 
Structure refinement 
least-squares method; full matrix; based on F2; 
anisotropic displacement parameters [P7] 
No. of parameters 64 
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Extinction correction x = 93.8(1)·10–5 
Difference electron density +1.21 to –1.36 e/106pm3 
R1(Fo > 4σ(Fo)) 0.034 
R1(all)  0.047 
wR2(all) 0.085 
GooF 1.017 
 
 
Table A20: Anisotropic displacement parameters (pm2) in Ag7.30Bi8.70S13.40Br6.60 
 
Atom U11 U22 U33 U12 U13 U23 
Bi(1) 379(3) 342(4) 291(3) 0 107(2) 0 
M(2) 343(8) 400(1) 500(1) 0 181(7) 0 
M(3) 414(5) 355(5) 364(4) 0 5(3) 0 
M(4) 382(6) 418(7) 489(6) 0 25(4) 0 
M(5) 322(4) 282(6) 321(5) 0 30(3) 0 
S(1) 250(1) 170(2) 210(1) 0 10(1) 0 
Br(1) 550(1) 430(1) 469(9) 0 149(7) 0 
Z(2) 340(2) 290(2) 420(2) 0 10(1) 0 
Z(3) 420(2) 310(2) 480(2) 0 140(1) 0 
Z(4) 410(2) 330(2) 350(2) 0 60(1) 0 
 
 
Table A21: Selected bond angles (°) in Ag7.30Bi8.70S13.40Br6.60  
 
S(1)i — Bi(1) — Z(2)ii 83.31(7) Br(1) — M(4) — Z(4)viii 179.07(7) 
Z(2)ii — Bi(1) — S(1)iii 164.53(7) Br(1) — M(4) — Z(4)vi 92.89(6) 
Z(2)ii — Bi(1) — S(1)ii 87.50(7) Br(1) — M(4) — Z(3)vii 88.91(6) 
S(1)i — Bi(1) — Br(1)ii 142.15(6) Z(4)vi — M(4) — Z(3)vii 178.17(7) 
Z(2)ii — Bi(1) — Br(1)ii 78.63(6) Br(1) — M(4) — Z(3)vi 88.91(6) 
Z(2)iii — Bi(1) — Br(1)ii 129.93(6) Z(4)viii — M(4) — Z(3)vi 90.43(7) 
S(1)iii — Bi(1) — Br(1)ii 113.31(5) Z(4)vi — M(4) — Z(3)vi 90.26(7) 
S(1)ii — Bi(1) — Br(1)ii 65.07(5)   
  Z(3)viii — M(5) — Z(3)ix 179.99(7) 
Z(2) — M(2) — Z(2)i 179.99(7) Z(3)viii — M(5) — Z(4)vii 89.55(7) 
Z(2) — M(2) — S(1)ii 98.19(7) Z(4)x — M(5) — Z(4)vii 179.99(7) 
Z(2)i — M(2) — S(1)ii 81.81(7) Z(3)viii — M(5) — Z(4)vi 89.55(7) 
S(1)iv — M(2) — S(1)ii 180.00(7) Z(4)vii — M(5) — Z(4)vi 90.02(7) 
S(1)ii — M(2) — S(1)iii 89.52(7)   
    
Z(2) — M(3) — Z(3)vi 92.32(7)   
Z(2) — M(3) — Br(1)ii 93.20(6)   
Z(3)vi — M(3) — Br(1)ii 174.25(6)   
Z(3)vii — M(3) — Br(1)ii 90.17(6)   
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Z(2) — M(3) — Z(4) 178.77(7)   
Z(3)vi — M(3) — Z(4) 88.54(7)   
Br(1)ii — M(3) — Z(4) 85.92(6)   
 
 
 
6.3.8  Single crystal structure determination of Ag16xBi20–16xQ36–32xBr32x–12  
(Q = S, Se; x = 0.65; 0.57) 
 
Table A22: Measuring protocol  
 
Crystal data 
Formula Ag10.28Bi9.72S15.44Br8.56 Ag9.11Bi10.89Se17.78Br6.22 
Crystal colour black 
Crystal size [mm3] 0.24 × 0.09 × 0.07 0.12 × 0.03 × 0.02 
Molecular mass [g/mol] 4319.2 5159.4 
Crystal system monoclinic 
Space group C2/m (No. 12) 
Density (ρcal) [g/cm3] 6.63 7.34 
Lattice parameters  refined from the total collected single crystal reflections 
a = 1338.4(2) 1362.2(4) 
b = 406.3(1) 417.2(1) 
c = 2041.3(3) 2104.7(4) 
[pm; °] 
β = 103.0(1) 102.7(1) 
V [106 pm3]; Z 1081.7(1); 1 1166.8(1); 1 
Data collection 
Diffractometer IPDS-I (Stoe) 
Radiation  graphite monochromator; λ(MoKα) = 71.073pm 
Φ range; ∆Φ [°] 0 to 270; 1 
Temperature [K] 297(1) 
2θ range; index range 
6° ≤ 2θ ≤ 54°; 
–16 ≤ h ≤ 16,  
–4 ≤ k ≤ 4,  
–25 ≤ l ≤ 25 
3° ≤ 2θ ≤ 48°; 
–15 ≤ h ≤ 15,  
–4 ≤ k ≤ 4,  
–24 ≤ l ≤ 24 
Irradiation time [min] 4 9 
Phi mode oscillation 
Detector distance [mm]  65 80 
Mosaic spray 0.018 
Integration dynamic profile, zero overlapped reflection 
Orientation control 200 reflections with Fo > 4σ(Fo) 
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Structure solution and refinement 
Measured reflections 4139 3145 
Unique reflections 1245 976 
Reflections with Fo > 4σ(Fo) 1012 823 
Rint/ Rσ 0.037/ 0.030 0.040/ 0.030 
Corrections background, Lorentz factor, polarization factor 
Absorption correction numerical, crystal description optimized using equivalent 
reflections 
µ [cm–1] 526 638 
Transmission factors 0.070 to 0.146 0.010 to 0.276 
Structure solution  direct methods [P7] 
Structure refinement 
least-squares method; full matrix; based on F2; 
anisotropic displacement parameters [P7] 
No. of parameters 78 70 
Difference electron density +3.25 to –1.50 e/106pm3 +1.94 to –2.07 e/106pm3 
R1(Fo > 4σ(Fo)) 0.040 0.039 
R1(all)  0.053 0.049 
wR2(all) 0.099 0.099 
GooF 1.034 1.065 
 
 
Table A23: Anisotropic displacement parameters (pm2) in Ag10.28Bi9.72S15.44Br8.56 (16) and 
Ag9.11Bi10.89Se17.78Br6.22 (17) 
 
Atom U11 U22 U33 U12 U13 U23 
282(4) 320(5) 266(3) 0 –33(2) 0 
298(5) 296(6) 247(5) 0 –46(3) 0 
Bi(1) 
      
212(9) 340(9) 460(9) 0 –51(8) 0 
200(9) 300(9) 500(9) 0 –40(9) 0 
M(2) 
      
366(6) 311(7) 294(5) 0 82(4) 0 
363(7) 271(8) 233(6) 0 45(4) 0 
M(3) 
      
359(8) 440(9) 435(8) 0 107(5) 0 
283(9) 320(9) 255(9) 0 82(7) 0 
M(4) 
      
293(4) 285(6) 295(4) 0 45(3) 0 
276(5) 232(6) 184(5) 0 29(3) 0 
M(5) 
      
315(9) 350(9) 309(9) 0 69(6) 0 
300(9) 330(9) 220(9) 0 77(9) 0 
M(6) 
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450(9) 410(9) 400(9) 0 –1(8) 0 
280(9) 250(9) 240(9) 0 –22(9) 0 
Br(1) 
      
220(9) 200(9) 180(9) 0 40(9) 0 
157(9) 160(9) 140(9) 0 32(7) 0 
Q(1) 
      
310(9) 270(9) 450(9) 0 110(9) 0 
260(9) 200(9) 280(9) 0 130(9) 0 
Z(2) 
      
390(9) 380(9) 520(9) 0 30(9) 0 
230(9) 230(9) 250(9) 0 32(8) 0 
Z(3) 
      
390(9) 400(9) 400(9) 0 60(9) 0 
190(9) 180(9) 260(9) 0 36(8) 0 
Z(4) 
      
Z(5) 350(9) 350(9) 520(9) 0 50(9) 0 
 190(9) 210(9) 310(9) 0 42(9) 0 
 
 
 
Table A24: Selected bond angles (°) in Ag10.28Bi9.72S15.44Br8.56 (16) and  
Ag9.11Bi10.89Se17.78Br6.22 (17) 
 
 (16) x = 0.65 (17) x = 0.57 
Q(1) — Bi(1) — Z(2)i 83.22(10) 82.97(4) 
Z(2)i — Bi(1) — Q(1)iii 164.28(9) 165.47(2) 
Z(2)ii — Bi(1) — Q(1)iii 87.39(9) 88.40(3) 
Q(1) — Bi(1) — Br(1)v 142.10(8) 142.57(3) 
Z(2)i — Bi(1) — Br(1)v 130.04(7) 128.73(2) 
Z(2)ii — Bi(1) — Br(1)v 78.56(7) 77.76(2) 
Q(1)iii — Bi(1) — Br(1)v 65.22(7) 65.31(2) 
Q(1)iv — Bi(1) — Br(1)v 113.53(7) 113.48(2) 
   
Z(2)vii — M(2) — Z(2) 180.0(1) 179.99(5) 
Z(2)vii — M(2) — Q(1)iii 81.67(9) 83.80(4) 
Z(2) — M(2) — Q(1)iii 98.33(9) 96.20(4) 
Q(1)iv — M(2) — Q(1)v 180.00(9) 179.99(4) 
Q(1)v — M(2) — Q(1)vi 89.47(9) 91.48(2) 
   
Z(2) — M(3) — Z(3)v 93.1(1) 91.08(4) 
Z(2) — M(3) — Br(1)vi 93.01(8) 91.43(4) 
Z(3)v — M(3) — Br(1)vi 173.61(8) 177.10(2) 
Z(3)v — M(3) — Br(1)v 90.29(8) 89.98(3) 
Z(2) — M(3) — Z(4) 178.61(10) 179.15(7) 
Z(3)v — M(3) — Z(4) 87.87(9) 89.51(4) 
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Br(1)v — M(3) — Z(4) 85.99(7) 87.99(4) 
   
Br(1)viii — M(4) — Z(5) 178.92(9) 180.00(7) 
Z(5) — M(4) — Z(3)v 89.41(10) 90.10(4) 
Br(1)viii — M(4) — Z(4)v 93.59(8) 95.14(4) 
Z(5) — M(4) — Z(4)v 87.18(10) 84.86(4) 
Z(3)vi — M(4) — Z(4)v 176.59(10) 174.93(2) 
Z(3)v — M(4) — Z(4)v 90.24(9) 89.71(5) 
   
Z(3) — M(5) — Z(4)i 91.89(9) 89.59(4) 
Z(4)i — M(5) — Z(5)ii 177.79(10) 178.70(2) 
Z(3) — M(5) — Z(5)i 90.26(9) 91.68(4) 
Z(4)i — M(5) — Z(5)i 89.81(9) 90.19(3) 
Z(3) — M(5) — Z(5)ix 179.91(10) 179.85(7) 
Z(4)i — M(5) — Z(5)ix 88.04(9) 90.51(4) 
   
Z(4) — M(6) — Z(4)ix 179.99(9) 179.99(6) 
Z(4) — M(6) — Z(5)i 91.12(9) 93.46(4) 
Z(5)i — M(6) — Z(5)x 179.99(9) 180.00(2) 
Z(4) — M(6) — Z(5)ii 88.88(9) 86.52(4) 
Z(5)i — M(6) — Z(5)xi 89.77(9) 89.81(1) 
Z(5)x — M(6) — Z(5)xi 90.23(9) 90.19(2) 
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6.3.9  Single crystal structure determination of Ag3.5Bi7.5S13 
 
Table A26: Measuring Protocol 
 
Crystal data 
Formula Ag3.5Bi7.5S13 
Crystal colour black 
Crystal size [mm3] 0.14 × 0.04 × 0.02 
Molecular mass [g/mol] 4723.4 
Crystal system monoclinic 
Space group C2/m (No. 12) 
Density (ρcal) [g/cm3] 6.78 
Lattice parameters  refined from the total collected single crystal reflections 
a = 1332.4(2)  
b = 404.6(1) 
c = 2148.4(4) 
[pm; °] 
β = 92.9(1) 
V [106 pm3]; Z 1156.5(2); 2 
Data collection 
Diffractometer IPDS-I (Stoe), graphite monochromator 
Radiation  λ(MoKα) = 71.073pm 
Φ range; ∆Φ [°] 0 to 270; 1 
Temperature [K] 297(2) 
2θ  range ; index range 6 ≤ 2θ ≤ 52°; –16≤ h ≤ 16, –4 ≤ k ≤ 4, –26 ≤ l ≤ 26 
Irradiation time [min] 8 
Phi mode oscillation 
Detector distance [mm] 70 
Mosaic spray 0.018 
Integration dynamic profile, zero overlapped reflection 
Orientation control 200 reflections with Fo > 4σ(Fo) 
Structure solution and refinement 
Measured reflections 3944 
Unique reflections 1204 
Reflec. with Fo > 4σ(Fo) 980 
Rint/ Rσ 0.040/ 0.032 
Corrections background, Lorentz factor, polarization factor 
Absorption correction numerical, crystal description optimized using equivalent reflections 
µ [cm–1] 609 
Transmission factors 0.067 to 0.343 
Structure solution  direct methods [P7] 
Structure refinement least-squares method; full matrix; based on F
2; 
anisotropic displacement parameters [P7] 
No. of parameters 81 
Extinction correction x = 37.2(1)·10–5 
Difference electron density +1.93 to –1.53 e/106pm3 
R1(Fo > 4σ(Fo)) 0.044 
R1(all)  0.058 
wR2(all)[b] 0.104 
GooF 1.070 
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Table A27: Anisotropic displacement parameters (pm2) in Ag3.5Bi7.5S13 
 
Atom U11 U22 U33 U12 U13 U23 
Bi(1) 322(5) 330(6) 311(5) 0 –19(3) 0 
M(2) 360(2) 460(3) 550(3) 0 –40(2) 0 
M(3) 331(6) 302(7) 309(7) 0 51(4) 0 
M(4) 273(5) 274(6) 330(6) 0 48(4) 0 
M(5) 330(8) 350(2) 440(2) 0 –5(6) 0 
M(6) 328(7) 309(7) 333(7) 0 46(4) 0 
S(1) 190(3) 210(4) 290(4) 0 60(3) 0 
S(2) 310(4) 230(4) 370(4) 0 80(3) 0 
S(3) 200(3) 240(4) 280(4) 0 –10(3) 0 
S(4) 260(4) 230(4) 460(5) 0 –80(4) 0 
S(5) 300(4) 280(4) 320(4) 0 50(3) 0 
S(6) 290(4) 330(5) 370(5) 0 0(3) 0 
S(7) 300(5) 290(6) 560(7) 0 –160(5) 0 
 
 
Table A28: Selected bond angles (°) in Ag3.5Bi7.5S13 
 
S(1)i — Bi(1) — S(2)ii 82.5(2) S(3) — M(4) — S(4)x 93.7(2) 
S(2)ii — Bi(1) — S(1)iii 163.3(2) S(3) — M(4) — S(5)x 92.1(2) 
S(2)ii — Bi(1) — S(3)iii 132.1(2) S(4)xi — M(4) — S(5)x 174.0(2) 
S(1)iii — Bi(1) — S(3)iii 64.3(2) S(3) — M(4) — S(6) 177.7(2) 
S(1)ii — Bi(1) — S(3)iii 112.4(2) S(4)xi — M(4) — S(6) 87.9(2) 
S(1)i — Bi(1) — S(3)ii 141.6(2) S(5)x — M(4) — S(6) 86.3(2) 
    
S(2)iv — M(2) — S(2)v 180.0(2) S(4) — M(5) — S(6)ii 92.2(2) 
S(2)iv — M(2) — S(1)vi 98.3(2) S(4) — M(5) — S(5)ii 92.1(2) 
S(2)iv — M(2) — S(1)vii 81.7(2) S(6)iii — M(5) — S(5)ii 175.7(2) 
S(1)viii — M(2) — S(1)ix 180.0(2) S(4) — M(5) — S(7)xii 179.7(2) 
  S(6)iii — M(5) — S(7)xii 87.6(10) 
S(2) — M(3) — S(3)ii 95.2(2) S(5)ii — M(5) — S(7)xii 88.1(10) 
S(2) — M(3) — S(4)x 91.2(2)   
S(3)ii — M(3) — S(4)x 172.9(2) S(6)v — M(6) — S(5) 180.0(2) 
S(2) — M(3) — S(5) 176.6(2) S(6)v — M(6) — S(7)iii 89.8(10) 
S(3)ii — M(3) — S(5) 87.1(2) S(5) — M(6) — S(7)iii 90.2(10) 
S(4)x — M(3) — S(5) 86.4(2) S(5) — M(6) — S(6)ii 90.9(2) 
  S(7)iii — M(6) — S(6)ii 178.9(10) 
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6.3.10  Single crystal structure determination of Bi6+δS6+3δCl6–3δ 
 
Table A29: Measuring protocol 
 
Crystal data 
Formula Bi6.64S7.92Cl4.08 Bi6.88S8.64Cl3.36 
Crystal colour black 
Crystal size [mm3] 0.05 × 0.02 × 0.01 0.05 × 0.03 × 0.03 
Molecular mass [g/mol] 1786.2 1829.3 
Crystal system hexagonal 
Space group P63/m (No. 176) 
Density (ρcal) [g/cm3] 6.44 6.52 
Lattice parameters  refined from the complete set of single crystal reflections 
a = 1142.7(2) 1154.0(2) [pm; °] 
b = 407.1(1) 404.0(1) 
V [106 pm3]; Z 460.4(2); 1 465.9(2); 1 
Data collection 
Diffractometer IPDS-I (Stoe); graphite monochromator 
Radiation  λ(MoKα) = 71.073pm 
Φ range; ∆Φ [°] 0 to 200; 1 0 to 270; 1.5 
Temperature [K] 297(1) 297(1) 
2θ  range; index range 
7° ≤ 2θ  ≤ 56°; –15 ≤ h, k ≤ 15, 
 –5 ≤ l ≤ 5 
8° ≤ 2θ  ≤ 56°; –15 ≤ h, k ≤ 15, 
 –4 ≤ l ≤ 4 
Irradiation time [min] 25 22 
Phi mode oscillation 
Detector distance [mm] 60 
Mosaic spray 0.018 
Integration dynamic profile, zero overlapped reflection 
Orientation control 200 reflections with Fo > 4σ(Fo) 
Structure solution and refinement 
Measured reflections 4188 3921 
Unique reflections 407 396 
Reflec. with Fo > 4σ(Fo) 314 350 
Rint/ Rσ 0.097/ 0.041 0.067/ 0.023 
Corrections background, Lorentz factor, polarization factor 
Absorption correction numerical, crystal description optimized using equivalent reflections 
µ [cm–1] 647 660 
Transmission factors 0.34 to 0.51 0.14 to 0.27 
Structure solution  direct methods [P7] 
Structure refinement 
least-squares method; full matrix; based on F2; 
anisotropic displacement parameters [P7] 
No. of parameters 31 31 
Extinction correction x = 112.5(2)·10–5 x = 1716.6(2)·10–5 
Difference electron density +1.62 to –1.92 e/106pm3 +1.12 to –1.31 e/106pm3 
R1(Fo > 4σ(Fo)) 0.046 0.041 
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R1(all)  0.066 0.047 
wR2(all) 0.095 0.103 
GooF 1.057 1.097 
 
 
Table A30: Anisotropic displacement parameters (pm2) in Bi6.64S7.92Cl4.08 (δ = 0.64) and 
Bi6.88S8.64Cl3.36 (δ = 0.88) 
 
Atom U11 U22 U33 U12 U13 U23 
220(10) 200(7) 276(9) 77(9) 0 0 Bi(1a) 
282(6) 241(5) 400(7) 95(5) 0 0 
520(5) 300(4) 200(3) 290(5) 0 0 Bi(1b) 
350(2) 250(2) 330(2) 180(2) 0 0 
340(4) 340(4) 141(8) 170(10) 0 0 Bi(2a) 
300(2) 300(2) 266(7) 151(7) 0 0 
340(4) 340(4) 141(8) 170(10) 0 0 Bi(2b) 
300(2) 300(2) 266(7) 151(7) 0 0 
160(3) 250(3) 130(4) 90(3) 0 0 Z(1) 
180(2) 290(3) 270(3) 120(2) 0 0 
180(3) 180(3) 220(4) 80(3) 0 0 Z(2) 
180(2) 180(2) 310(3) 60(2) 0 0 
 
 
Table 31: Selected bond angles (°) in Bi6.64S7.92Cl4.08 (δ = 0.64) and Bi6.88S8.64Cl3.36 (δ = 0.88)  
 
 x = 0.64 x = 0.86 
Z(1) — Bi(1a) — Z(1)i 76.54(1) 78.53(1) 
Z(1)i — Bi(1a) — Z(1)ii 98.31(1) 97.34(1) 
Z(1) — Bi(1a) — Z(2)iii 75.97(1) 75.6(1) 
Z(1)i — Bi(1a) — Z(2)iii 151.39(1) 153.27(1) 
Z(1)ii — Bi(1a) — Z(2)iii 82.82(3) 84.08(3) 
Z(2)iii — Bi(1a) — Z(2)iv 83.05(1) 83.11(1) 
Z(1) — Bi(1a) — Z(2) 135.00(3) 135.16(2) 
Z(1)i — Bi(1a) — Z(2) 74.48(1) 72.36(1) 
Z(2)iii — Bi(1a) — Z(2) 132.25(1) 132.38(1) 
Z(1) — Bi(1a) — Z(2)v 138.7(1) 139.07(1) 
Z(1)i — Bi(1a) — Z(2)v 141.47(1) 138.97(1) 
Z(1)ii — Bi(1a) — Z(2)v 81.06(2) 80.26(1) 
Z(2)iii — Bi(1a) — Z(2)v 67.09(1) 67.70(1) 
Z(2)iv — Bi(1a) — Z(2)v 115.63(1) 115.87(1) 
Z(2) — Bi(1a) — Z(2)v 68.23(1) 67.9(1) 
   
Z(2) — Bi(1b) — Z(1)i 82.25(1) 81.81(1) 
Z(1)i — Bi(1b) — Z(1)ii 98.37(1) 95.98(1) 
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Z(2) — Bi(1b) — Z(2)v 77.27(1) 80.73(1) 
Z(1)i — Bi(1b) — Z(2)v 158.46(1) 161.91(1) 
Z(1)i — Bi(1b) — Z(2)vi 85.51(5) 86.20(5) 
Z(2)v — Bi(1b) — Z(2)vi 83.56(1) 86.36(1) 
Z(1)i — Bi(1b) — Z(1) 69.88(1) 68.6(1) 
Z(2) — Bi(1b) — Z(1) 136.34(35) 134.67(2) 
Z(2)v — Bi(1b) — Z(1) 130.64(1) 128.24(1) 
Z(2) — Bi(1b) — Z(2)iv 139.51(1) 142.17(1) 
Z(1)i — Bi(1b) — Z(2)iv 77.72(1) 76.97(1) 
Z(1)ii — Bi(1b) — Z(2)iv 135.08(1) 130.97(1) 
Z(2)v — Bi(1b) — Z(2)iv 114.28(1) 114.92(1) 
Z(2)vi — Bi(1b) — Z(2)iv 66.46(1) 67.03(1) 
Z(1) — Bi(1b) — Z(2)iv 66.83(1) 63.67(1) 
Z(1)i — Bi(1b) — Z(2)iii 135.08(1) 130.97(1) 
Z(2)iv — Bi(1b) — Z(2)iii 74.94(1) 72.73(1) 
   
Z(1)xiv — Bi(2a) — Z(1) 119.62(3) 119.45(2) 
Z(1)xiv — Bi(2a) — Z(1)ii 147.94(1) 150.44(1) 
Z(1) — Bi(2a) — Z(1)ii 68.32(1) 68.1(1) 
Z(1)ii — Bi(2a) — Z(1)iii 89.49(1) 92.02(1) 
Z(1)xiv — Bi(2a) — Z(1)x 65.04(1) 64.35(1) 
Z(1) — Bi(2a) — Z(1)x 136.37(1) 136.43(1) 
Z(1)ii — Bi(2a) — Z(1)x 133.31(1) 132.38(1) 
Z(1)xii — Bi(2a) — Z(1)x 75.69(2) 73.14(6) 
Z(1)iii — Bi(2a) — Z(1)x 133.31(1) 132.38(1) 
Z(1)xiv — Bi(2a) — Z(1)iv 65.04(1) 64.35(1) 
Z(1)x — Bi(2a) — Z(1)iv 83.02(1) 84.14(1) 
   
Z(1)xv — Bi(2b) — Z(1)xiv 113.34(1) 113.48(1) 
Z(1) — Bi(2b) — Z(1)i 71.84(1) 71.07(1) 
Z(1)xiv — Bi(2b) — Z(1)i 168.40(1) 169.68(1) 
Z(1)i — Bi(2b) — Z(1)x 101.19(1) 102.94(1) 
Z(1)xiv — Bi(2b) — Z(1)ii 118.32(1) 119.52(1) 
Z(1) — Bi(2b) — Z(1)ii 58.46(1) 58.38(1) 
Z(1)iv — Bi(2b) — Z(1)ii 129.40(1) 128.51(1) 
Z(1)i — Bi(2b) — Z(1)ii 73.29(2) 70.80(1) 
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6.3.11  Single crystal structure determination of Ag1.2Bi17.6S23Cl8 
 
Table A32: Measuring protocol 
 
Crystal data 
Formula Ag1.2Bi17.6S23Cl8 
Crystal colour black 
Crystal size [mm3] 0.07 × 0.04 × 0.03 
Molecular mass [g/mol] 4829.6 
Crystal system monoclinic 
Space group C2/m (No. 12) 
Density (ρcal) [g/cm3] 6.46 
Lattice parameters  refined from the total collected single crystal reflections 
a = 5303.6(9) 
b = 403.0(1) 
c = 1164.3(4) 
[pm; °] 
β = 94.4(1) 
V [106 pm3]; Z 2481.2(2); 2 
Data collection 
Diffractometer IPDS-I, graphite monochromator 
Radiation  λ(AgKα) = 56.087 pm 
Φ range; ∆Φ [°] 0 to 200; 0.6  
Temperature [K] 293(1) 
2θ  range; index range 2.8° ≤ 2θ  ≤ 38.9°; –60 ≤ h ≤ 62, –4 ≤ k ≤ 4, –13 ≤ l ≤ 13 
Irradiation time [min] 8 
Phi mode oscillation 
Detector distance [mm] 110 
Mosaic spray 0.024 
Integration dynamic profile, zero overlapped reflection 
Orientation control 200 reflections with Fo > 4σ(Fo) 
Structure solution and refinement 
Measured reflections 7412 
Unique reflections 2500 
Reflec. with Fo > 4σ(Fo) 1586 
Rint/ Rσ 0.072/ 0.094 
Corrections background, Lorentz factor, polarization factor 
Absorption correction numerical, crystal description optimized using equivalent reflections 
µ [cm–1] 350 
Transmission factors 0.19 to 0.47 
Structure solution  direct methods [P7] 
Structure refinement 
least-squares method; full matrix; based on F2; 
anisotropic displacement parameters [P7] 
No. of parameters 166 
Extinction correction x = 4.0(1)·10–5 
Difference electron density +7.00 to –5.80 e/106pm3 
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R1(Fo > 4σ(Fo)) 0.044 
R1(all)  0.087 
wR2(all) 0.053 
GooF 0.992 
 
 
Table A33: Anisotropic displacement parameters (pm2) in Ag1.2Bi17.6S23Cl8 
 
Atom U11 U22 U33 U12 U13 U23 
Bi(1) 275(6) 203(7) 244(6) 0 96(5) 0 
M(2) 261(8) 261(9) 218(7) 0 4(5) 0 
Bi(3) 266(7) 382(9) 390(7) 0 110(5) 0 
Bi(4) 247(6) 224(7) 201(6) 0 79(5) 0 
Bi(5) 261(6) 214(7) 228(6) 0 –27(5) 0 
Bi(6) 584(8) 178(7) 171(6) 0 –3(5) 0 
Bi(7) 190(6) 209(7) 480(8) 0 67(5) 0 
Bi(8a) 180(3) 170(2) 240(3) 0 –60(2) 0 
Bi(8b) 250(3) 180(3) 220(3) 0 –20(2) 0 
Bi(9a) 370(3) 490(3) 320(2) 0 60(2) 0 
Bi(9b) 370(3) 490(3) 320(3) 0 60(2) 0 
Ag(1) 320(3) 250(3) 360(3) 0 220(3) 0 
S(1) 90(4) 100(5) 170(5) 0 –100(4) 0 
S(2) 560(9) 260(8) 350(8) 0 260(7) 0 
S(3) 40(4) 160(5) 110(4) 0 0 0 
S(4) 120(4) 220(5) 40(4) 0 0 0 
S(5) 190(5) 190(5) 230(5) 0 10(4) 0 
S(6) 310(5) 200(6) 170(5) 0 –40(4) 0 
S(7) 140(4) 150(5) 120(4) 0 10(4) 0 
S(8) 190(5) 160(5) 260(5) 0 10(4) 0 
S(9) 130(4) 110(5) 200(4) 0 –10(4) 0 
S(10) 190(5) 120(5) 80(4) 0 –20(3) 0 
S(11) 80(4) 130(5) 230(5) 0 60(4) 0 
S(12) 100(4) 160(5) 230(5) 0 –20(4) 0 
Cl(1) 250(5) 250(6) 320(5) 0 120(4) 0 
Cl(2) 260(5) 300(6) 130(4) 0 –30(4) 0 
Cl(3) 160(4) 180(5) 230(5) 0 –20(4) 0 
Cl(4) 170(5) 280(6) 220(5) 0 –70(4) 0 
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Table A34: Selected bond angles (°) in Ag1.2Bi17.6S23Cl8  
 
S(3)x — Bi(1) — S(1)vi 82.50(1)  S(7) — Bi(8a) — S(9) 82.92(1) 
S(1)vi — Bi(1) — S(1)vii 94.86(1)  S(9)xx — Bi(8a) — S(9) 94.91(1) 
S(3)x — Bi(1) — S(4) 78.76(1)  S(7) — Bi(8a) — Cl(3) 81.44(1) 
S(1)vi — Bi(1) — S(4) 87.31(3)  S(9)xx — Bi(8a) — Cl(3) 163.99(1) 
S(1)vii — Bi(1) — S(4) 160.69(1)  S(9) — Bi(8a) — Cl(3) 86.54(9) 
S(4)v — Bi(1) — S(4) 84.54(1)  Cl(3) — Bi(8a) — Cl(3)xx 87.79(1) 
S(3)x — Bi(1) — Cl(2) 139.25(1)  S(7) — Bi(8a) — S(11) 134.21(2) 
S(1)vi — Bi(1) — Cl(2) 80.24(2)  S(9) — Bi(8a) — S(11) 67.01(1) 
S(1)vii — Bi(1) — Cl(2) 135.43(1)  Cl(3) — Bi(8a) — S(11) 127.53(1) 
S(4)v — Bi(1) — Cl(2) 111.4(1)  S(7) — Bi(8a) — Cl(4) 142.47(1) 
S(4) — Bi(1) — Cl(2) 63.85(1)  S(9)xx — Bi(8a) — Cl(4) 129.12(1) 
Cl(2) — Bi(1) — Cl(2)v 73.57(1)  S(9) — Bi(8a) — Cl(4) 76.10(1) 
S(3)x — Bi(1) — S(2) 137.43(2)  Cl(3) — Bi(8a) — Cl(4) 66.71(1) 
S(1)vi — Bi(1) — S(2) 69.33(1)  Cl(3)xx — Bi(8a) — Cl(4) 115.11(1) 
S(4) — Bi(1) — S(2) 128.79(1)  S(11) — Bi(8a) — Cl(4) 63.4(1) 
Cl(2) — Bi(1) — S(2) 67.53(1)  S(9)xx — Bi(8a) — Cl(4)xx 76.10(1) 
   Cl(4) — Bi(8a) — Cl(4)xx 72.48(1) 
S(1) — M(2) — Cl(1) 91.27(4)    
Cl(1) — M(2) — Cl(1)xx 93.96(1)  S(11) — Bi(8b) — S(9) 76.47(1) 
S(1) — M(2) — Cl(2) 178.96(2)  S(9)xx — Bi(8b) — S(9) 96.05(1) 
Cl(1) — M(2) — Cl(2) 89.44(8)  S(11) — Bi(8b) — Cl(4) 75.57(1) 
Cl(1) — M(2) — S(2)xx 178.08(1)  S(9)xx — Bi(8b) — Cl(4) 151.33(1) 
S(1) — M(2) — S(2) 88.04(1)  S(9) — Bi(8b) — Cl(4) 83.47(5) 
Cl(1) — M(2) — S(2) 87.85(3)  Cl(4) — Bi(8b) — Cl(4)xx 83.61(1) 
Cl(2) — M(2) — S(2) 91.23(1)  S(11) — Bi(8b) — S(7) 133.69(2) 
S(2)xx — M(2) — S(2) 90.34(1)  S(9) — Bi(8b) — S(7) 73.06(1) 
   Cl(4) — Bi(8b) — S(7) 132.85(1) 
S(9) — Bi(3) — S(6) 81.55(1)  S(11) — Bi(8b) — Cl(3) 138.82(1) 
S(6) — Bi(3) — S(6)v 95.37(1)  S(9)xx — Bi(8b) — Cl(3) 140.4(1) 
S(6) — Bi(3) — S(7)v 159.46(1)  S(9) — Bi(8b) — Cl(3) 80.87(2) 
S(9) — Bi(3) — S(7) 78.36(1)  Cl(4) — Bi(8b) — Cl(3) 68.00(1) 
S(6) — Bi(3) — S(7) 85.94(3)  Cl(4)xx — Bi(8b) — Cl(3) 117.3(1) 
S(7)v — Bi(3) — S(7) 85.84(1)  S(7) — Bi(8b) — Cl(3) 68.28(1) 
S(9) — Bi(3) — Cl(2)v 141.06(1)  Cl(3) — Bi(8b) — Cl(3)xx 77.36(1) 
S(6) — Bi(3) — Cl(2)v 132.32(1)    
S(7) — Bi(3) — Cl(2)v 116.71(1)  S(8) — Bi(9a) — S(6) 125.72(3) 
S(9) — Bi(3) — Cl(2) 141.06(1)  S(8) — Bi(9a) — S(11) 116.81(2) 
S(6) — Bi(3) — Cl(2) 77.19(1)  S(6) — Bi(9a) — S(11) 117.46(3) 
S(7) — Bi(3) — Cl(2) 67.99(1)  S(8) — Bi(9a) — S(5) 69.26(1) 
Cl(2)v — Bi(3) — Cl(2) 74.49(1)  S(6) — Bi(9a) — S(5) 68.42(1) 
S(9) — Bi(3) — Cl(1) 130.16(2)  S(11) — Bi(9a) — S(5) 142.33(1) 
S(6) — Bi(3) — Cl(1) 65.96(1)  S(5)xx — Bi(9a) — S(5) 75.34(1) 
S(7) — Bi(3) — Cl(1) 131.92(1)  S(8) — Bi(9a) — S(9) 143.6(1) 
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Cl(2) — Bi(3) — Cl(1) 68.17(1)  S(6) — Bi(9a) — S(9) 66.96(1) 
   S(11) — Bi(9a) — S(9) 63.3(1) 
S(4)ii — Bi(4) — S(5) 82.69(1)  S(5)xx — Bi(9a) — S(9) 135.35(1) 
S(5) — Bi(4) — S(5)xx 91.87(1)  S(5) — Bi(9a) — S(9) 89.76(6) 
S(5) — Bi(4) — S(3)xx 164.41(1)  S(9) — Bi(9a) — S(9)xx 71.68(1) 
S(4)ii — Bi(4) — S(3) 81.74(1)  S(8) — Bi(9a) — S(10) 64.48(1) 
S(5) — Bi(4) — S(3) 86.88(3)  S(6) — Bi(9a) — S(10) 144.01(1) 
S(3)xx — Bi(4) — S(3) 90.16(1)  S(11) — Bi(9a) — S(10) 65.25(1) 
S(5) — Bi(4) — Cl(1)xx 128.98(1)  S(5)xx — Bi(9a) — S(10) 133.73(1) 
S(3) — Bi(4) — Cl(1)xx 115.58(1)  S(5) — Bi(9a) — S(10) 88.62(8) 
S(4)ii — Bi(4) — Cl(1) 142.23(1)  S(9) — Bi(9a) — S(10) 86.42(6) 
S(5) — Bi(4) — Cl(1) 77.00(1)  S(9)xx — Bi(9a) — S(10) 128.54(1) 
S(3) — Bi(4) — Cl(1) 65.81(1)  S(11) — Bi(9a) — S(10)xx 65.25(1) 
Cl(1)xx — Bi(4) — Cl(1) 72.92(1)  S(5) — Bi(9a) — S(10)xx 133.73(1) 
S(4)ii — Bi(4) — S(6) 135.13(2)  S(10) — Bi(9a) — S(10)xx 71.66(1) 
S(5) — Bi(4) — S(6) 66.91(1)    
S(3) — Bi(4) — S(6) 126.13(1)  S(8) — Bi(9b) — S(5) 74.92(2) 
Cl(1) — Bi(4) — S(6) 62.9(1)  S(8) — Bi(9b) — S(11) 110.81(2) 
   S(5) — Bi(9b) — S(11) 170.46(2) 
S(5) — Bi(5) — S(8) 82.10(1)  S(8) — Bi(9b) — S(6) 117.89(2) 
S(8) — Bi(5) — S(8)v 97.25(1)  S(5) — Bi(9b) — S(6) 72.77(9) 
S(5) — Bi(5) — S(4)ii 77.39(1)  S(11) — Bi(9b) — S(6) 109.58(2) 
S(8) — Bi(5) — S(4)ii 86.94(3)  S(8) — Bi(9b) — S(10) 69.97(2) 
S(8) — Bi(5) — S(4)iii 158.3(1)  S(5) — Bi(9b) — S(10) 106.21(2) 
S(4)ii — Bi(5) — S(4)iii 81.79(1)  S(11) — Bi(9b) — S(10) 69.91(9) 
S(5) — Bi(5) — S(7)ii 140.55(1)  S(6) — Bi(9b) — S(10) 170.73(2) 
S(8) — Bi(5) — S(7)ii 77.61(1)  S(8) — Bi(9b) — S(9) 170.91(2) 
S(4)ii — Bi(5) — S(7)ii 68.14(1)  S(5) — Bi(9b) — S(9) 106.09(2) 
S(4)iii — Bi(5) — S(7)ii 114.59(1)  S(11) — Bi(9b) — S(9) 67.01(2) 
S(8) — Bi(5) — S(7)iii 133.56(1)  S(6) — Bi(9b) — S(9) 70.59(2) 
S(7)ii — Bi(5) — S(7)iii 74.05(1)  S(10) — Bi(9b) — S(9) 101.29(2) 
S(5) — Bi(5) — Cl(3)ii 136.63(2)  S(8) — Bi(9b) — S(5)xx 60.57(9) 
S(8) — Bi(5) — Cl(3)ii 69.88(1)  S(11) — Bi(9b) — S(5)xx 117.04(2) 
S(4)ii — Bi(5) — Cl(3)ii 130.97(1)  S(6) — Bi(9b) — S(5)xx 59.65(8) 
S(7)ii — Bi(5) — Cl(3)ii 65.03(1)  S(10) — Bi(9b) — S(5)xx 129.23(2) 
   S(9) — Bi(9b) — S(5)xx 128.49(2) 
S(12) — Bi(6) — S(10) 80.98(1)  S(8) — Bi(9b) — S(10)xx 56.62(9) 
S(10)xx — Bi(6) — S(10) 94.79(1)  S(5) — Bi(9b) — S(10)xx 130.24(2) 
S(12) — Bi(6) — S(12)xiii 80.19(1)  S(11) — Bi(9b) — S(10)xx 57.40(8) 
S(10) — Bi(6) — S(12)xiii 87.20(3)  S(6) — Bi(9b) — S(10)xx 118.65(2) 
S(10) — Bi(6) — S(12)xii 160.51(1)  S(9) — Bi(9b) — S(10)xx 123.57(2) 
S(12)xiii — Bi(6) — S(12)xii 84.68(1)  S(5)xx — Bi(9b) — S(10)xx 74.52(8) 
S(12) — Bi(6) — S(8) 135.02(2)  S(8) — Bi(9b) — S(9)xx 118.48(2) 
S(10) — Bi(6) — S(8) 69.23(1)  S(5) — Bi(9b) — S(9)xx 129.87(2) 
S(12)xiii — Bi(6) — S(8) 128.97(1)  S(11) — Bi(9b) — S(9)xx 54.97(7) 
S(10) — Bi(6) — Cl(3)i 132.97(1)  S(6) — Bi(9b) — S(9)xx 58.10(8) 
S(12)xii — Bi(6) — Cl(3)i 66.44(1)  S(10) — Bi(9b) — S(9)xx 123.89(2) 
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S(12) — Bi(6) — Cl(3)ii 141.38(1)  S(5)xx — Bi(9b) — S(9)xx 74.84(6) 
S(10) — Bi(6) — Cl(3)ii 78.61(1)  S(10)xx — Bi(9b) — S(9)xx 72.88(6) 
S(12)xii — Bi(6) — Cl(3)ii 113.87(1)    
S(8) — Bi(6) — Cl(3)ii 64.89(1)  S(1) — Ag(1) — S(1)viii 180.00(2) 
Cl(3)i — Bi(6) — Cl(3)ii 73.33(1)  S(1) — Ag(1) — S(3)viii 80.63(1) 
   S(1) — Ag(1) — S(3) 99.37(1) 
S(10) — Bi(7) — S(11) 79.75(1)  S(3)viii — Ag(1) — S(3) 180.00(2) 
S(11)v — Bi(7) — S(11) 97.7(1)  S(3) — Ag(1) — S(3)iv 89.75(1) 
S(10) — Bi(7) — S(12) 74.14(1)  S(3) — Ag(1) — S(3)xx 90.25(1) 
S(11)v — Bi(7) — S(12) 152.87(1)  S(3)iv — Ag(1) — S(3)xx 180.00(2) 
S(11) — Bi(7) — S(12) 84.92(3)    
S(12) — Bi(7) — S(12)v 81.05(1)    
S(10) — Bi(7) — Cl(4) 137.06(2)    
S(11) — Bi(7) — Cl(4) 72.46(1)    
S(12) — Bi(7) — Cl(4) 133.1(1)    
S(10) — Bi(7) — Cl(4)xv 137.76(1)    
S(11) — Bi(7) — Cl(4)xv 139.83(1)    
S(12) — Bi(7) — Cl(4)xv 114.7(1)    
Cl(4) — Bi(7) — Cl(4)xv 68.73(1)    
S(11) — Bi(7) — Cl(4)xiv 80.36(2)    
S(12) — Bi(7) — Cl(4)xiv 67.29(1)    
Cl(4)xv — Bi(7) — Cl(4)xiv 76.43(1)    
 
 
6.3.12  Single crystal structure determination of AgBi4Se5Br3 
 
Table A35: Measuring protocol 
 
Crystal data 
Formula AgBi4Se5Br3 
Crystal colour black 
Crystal size [mm3] 0.10 × 0.04 × 0.04 
Molecular mass [g/mol] 1578.3 
Crystal system monoclinic 
Space group P21/m (No. 11) 
Density (ρcal) [g/cm3] 7.11 
Lattice parameters  refined from the total collected single crystal reflections 
a = 808.5(2) 
b = 413.1(1) 
c = 1133.4(3) 
[pm; °] 
β = 103.2(1) 
V [106 pm3]; Z 368.5(2); 1 
Data collection 
Diffractometer IPDS-I, graphite monochromator 
Radiation [pm] λ(MoKα) = 71.073  
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Φ range; ∆Φ [°] 0 to 270; 2  
Temperature [K] 297(1) 
2θ  range; index range 5.2° ≤ 2θ ≤ 54.4°; –10 ≤ h ≤ 10, –4 ≤ k ≤ 4, –14 ≤ l ≤ 14 
Irradiation time [min] 19 
Phi mode oscillation 
Detector distance [mm] 65 
Mosaic spray 0.018 
Integration dynamic profile, zero overlapped reflection 
Orientation control 200 reflections with Fo > 4σ(Fo) 
Structure solution and refinement 
Measured reflections 3167 
Unique reflections 777 
Reflec. with Fo > 4σ(Fo) 659 
Rint/ Rσ 0.044/ 0.027 
Corrections background, Lorentz factor, polarization factor 
Absorption correction numerical, crystal description optimized using equivalent reflections 
µ [cm–1] 693 
Transmission factors 0.099 to 0.176 
Structure solution  direct methods [P7] 
Structure refinement 
least-squares method; full matrix; based on F2; 
anisotropic displacement parameters [P7] 
No. of parameters 44 
Extinction correction x = 1326(3)·10–5 
Difference electron density +1.56 to –1.65 e/106pm3 
R1(Fo > 4σ(Fo)) 0.040 
R1(all)  0.050 
wR2(all) 0.102 
GooF 1.063 
 
 
Table A36: Anisotropic displacement parameters (pm2) in AgBi4Se5Br3 
 
Atom U11 U22 U33 U12 U13 U23 
Bi(1) 284(5) 244(5) 499(6) 0 42(3) 0 
Bi(2) 507(6) 377(6) 288(5) 0 44(3) 0 
Ag 630(4) 590(4) 650(4) 0 –110(3) 0 
Z(1) 310(10) 310(10) 340(10) 0 105(8) 0 
Se(2) 279(9) 260(10) 270(9) 0 46(7) 0 
Se(3) 268(9) 230(10) 234(9) 0 48(7) 0 
Br(2) 274(9) 280(10) 280(9) 0 54(7) 0 
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Table A37: Selected bond angles (°) in AgBi4Se5Br3 
 
Se(3)i — Bi(1) — Se(3)ii 95.33(5) Se(2) — Bi(2) — Se(2)x 86.61(5) 
Se(3)i — Bi(1) — Se(3)iii 86.76(4) Se(2)x — Bi(2) — Se(2)xi 90.47(5) 
Se(3)i — Bi(1) — Br(2)iv 161.61(5) Se(2)x — Bi(2) — Z(1)xi 168.03(5) 
Se(3)iii — Bi(1) — Br(2)iv 75.42(4) Se(2) — Bi(2) — Z(1)x 81.66(5) 
Se(3)i — Bi(1) — Br(2)v 88.32(4) Se(2)x — Bi(2) — Z(1)x 91.23(4) 
Br(2)iv — Bi(1) — Br(2)v 82.86(4) Z(1)xi — Bi(2) — Z(1)x 84.72(4) 
Se(3)i — Bi(1) — Z(1)  80.17(4) Se(2) — Bi(2) — Br(2)x 142.54(5) 
Se(3)iii — Bi(1) — Z(1)  160.51(5) Se(2)x — Bi(2) — Br(2)x 71.20(4) 
Br(2)iv — Bi(1) — Z(1)  118.22(4) Se(2)xi — Bi(2) — Br(2)x 122.22(4) 
Se(3)i — Bi(1) — Br(2)  122.69(4) Z(1)xi — Bi(2) — Br(2)x 117.43(4) 
Se(3)iii — Bi(1) — Br(2)  131.50(4) Z(1)x — Bi(2) — Br(2)x 69.44(4) 
Br(2)iv — Bi(1) — Br(2)  68.76(4) Br(2)x — Bi(2) — Br(2)xi 74.08(4) 
Z(1) — Bi(1) — Br(2)  67.99(4) Se(2) — Bi(2) — Se(3)  137.27(4) 
  Se(2)x — Bi(2) — Se(3)  64.36(4) 
Z(1) — Ag — Z(1)i 112.36(2) Z(1)x — Bi(2) — Se(3)  126.74(4) 
Z(1)i — Ag — Z(1)ii 93.58(2) Br(2)x — Bi(2) — Se(3)  58.22(3) 
Z(1)i — Ag — Se(2)xi 163.29(2)   
Z(1) — Ag — Se(2)x 82.89(2)   
Z(1)i — Ag — Se(2)x 86.35(2)   
Se(2)xi — Ag — Se(2)x 88.98(2)   
Z(1) — Ag — Se(3)  156.84(2)   
Z(1)i — Ag — Se(3)  82.76(2)   
Se(2)x — Ag — Se(3)  80.65(2)   
Z(1) — Ag — Se(2)xiii 70.27(10)   
Z(1)i — Ag — Se(2)xiii 65.96(9)   
Se(2)x — Ag — Se(2)xiii 128.28(2)   
Se(3) — Ag — Se(2)xiii 132.88(2)   
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